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INTRODUCTION 
Anaerobic digestion of animal manure is a potential power source. 
When the manure is maintained under certain conditions, bacteria which 
produce methane gas and other components thrive- The methane gas can 
be burned for power. 
Temperature is one of the critical factors to be controlled. 
Presently, the accepted design temperature of the contents of an an­
aerobic digester is 35°C. To maintain a 35°C temperature in colder 
climates, such as Iowa, requires heat. Part of the gas produced can 
be diverted from useful output and burned to keep the digester contents 
warm. This reduces the power output from the digester. In addition 
to the power needed to maintain the digester contents at 35°C there are a 
number of other power losses which affect the net useful power output 
from the digester. These include pumping and handling losses and mix­
ing power to agitate and suspend the digester contents. It is possible 
for the power needed to maintain the digester to be larger than the 
power produced by the methane gas. 
In cold climates, the manure cools before it enters the digester. 
As the cold manure enters an equal amount of warm 35"C digester con­
tents is expelled. Power is used to heat the cold manure to 35°C and 
power is lost when the 35°C effluent is expelled. This dissertation 
will consider one possible heat exchanger design to recover a portion 
of the lost heat. 
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THE NEED FOR A HEAT EXCHANGER 
Heat Losses 
To maximize the power available from an anaerobic digester in 
colder climates, the heat to maintain the digester at 35°C must be 
minimized. Heat is lost from the digester in two main ways. First, 
heat escapes to the surroundings from the surface of the digester and 
related parts. Second, heat is lost when the heated digester contents 
are removed and cold manure is added. 
The first loss is simple to overcome. Insulation can be added to 
the surface of the digester to such an extent that losses are insignif­
icant. Larger vessels expose less surface area per volume of contents 
than do smaller vessels, so boundary heat losses become less important 
as digester size increases. 
The second loss is more difficult to overcome. In a well insu­
lated digester it is also larger in magnitude than surface losses. 
The warm 35°C effluent that is removed from the digester contains a 
large amount of heat which is lost. The heat that is lost is nearly 
equal to the amount needed to heat the cold manure slurry to 35°C. 
An Illustrative Example of Effluent Losses 
The amount of heat needed to heat the influent manure and the heat 
that is lost in the digester effluent are different for nearly every 
digester operation. They depend on the temperature of the incoming 
manure and the temperature and quantity of the incoming dilution water. 
An example for a digester utilizing manure from one 450 kg beef animal 
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will point out the general magnitude of the losses, and a comparison 
with the generally expected amount of power available from the diges­
ter gas produced will point out the importance of an influent to 
effluent heat exchanger. 
Smith et al. (1979) in an example gave data for the COD, the 
typical COD reduction, the volume of methane produced per unit of COD, 
and the energy content of digester gas. Hein (1977) gave some typical 
values of dilution rates and temperatures of manure and dilution water. 
Smith's and Hein's figures were representative of the expected condi­
tions for a beef manure anaerobic digester operated in central Iowa. 
Hein (1977) indicated the approximate winter influent manure 
slurry temperature was 4°C and the average digester temperature was 
35°C. The influent must then be heated from 4°C to SS^C, or a tem­
perature rise of 31°C. Hein found that one 450 kg beef animal produced 
approximately 14 kg of raw manure daily. To this Hein added 41 kg of 
dilution water. This 55 kg of manure slurry influent at 4°C was 
pumped daily into the digester. 
The heat transfer rate needed to heat the influent can be found 
from: 
q = (m)(Cp)(AT) [1] 
where q = heat transfer rate 
Cp = specific heat at constant pressure 
m = mass flow rate 
AT = temperature difference 
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For the example problem the heat transfer rate was given by: 
q = (55 kg/day)(4178 J/kg-°C)(31 °C) 
or q = 7.1 X 10^ J/day 
The power available from the digester gas from the manure from 
one animal was estimated from: 
P = (COD)(X)(Y)(Z) [2] 
where 
P = estimated power output 
COD = chemical oxygen demand of material fed per day 
X = COD reduction in the digester 
Y = volume of methane digester gas produced/COD reduced 
Z = energy content of digester gas 
For the example problem the power produced was given by: 
P = (3.0 kg.COD/day)(0.40)(0.7 m^ digester gas/kg-COD)(2.0 x 
7 3 10 J/m digester gas) 
or P = 16.8 X 10^ J/day 
It required 7.1 x 10^ J/day to heat the incoming manure slurry 
and approximately 17 x 10^ J/day of heat energy was available in the 
digester gas produced from that manure slurry. Over 40% of the 
potential power produced was needed to heat the influent in this 
example. This was a sizeable portion of the potentially available 
power. Smith et al. (1979) calculated similar figures. Coppinger 
et al. (1979) reported that heating incoming fresh dairy manure was 
the dominant factor in digester heat demand and accounted for 75 -
90% of the total heat demand depending on the season. 
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Methods to Reduce Losses 
The actual heat needed to heat the influent varies greatly, 
depending on the influent manure temperature and the amount and temper­
ature of the dilution water. Three things can be done to decrease the 
external heat needed. The first method would be to keep the manure 
warm after it was excreted from the animal. This could be accomplished 
by using manure from warm confinement buildings. The second method 
would be to reduce the quantity of dilution water needed. The dilu­
tion water has a large effect on the influent heat load, as seen in the 
previous example, and a reduction in the cold dilution water would 
decrease the heat required. Changes in the dilution water are not 
always possible because of their effect on the biological operation 
of the digester. Neither of the first two methods is considered in 
this dissertation. 
The third method to decrease the external heat needed would be 
the addition of a heat exchanger. As the cold manure influent is 
added to the digester a nearly equal amount of warm digester contents 
is expelled; if all the heat were transferred from the effluent to the 
influent the heat necessary to heat the influent would be eliminated. 
Efforts to design heat exchangers that transfer the heat from the in­
fluent to the effluent have been only partly successful. Published 
reports on anaerobic digestion recognize the heat demands of the proc­
ess, but few have reported doing any work on effluent to influent 
heat exchangers. Smith et al. (1979) mentioned the work that Mills 
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had done with a heat exchanger. Mills used a tank within a tank. The 
material was stored in the tanks during the time period between load­
ing the digester, and during that period of time the influent and 
effluent reached nearly the same temperature. The tanks were mechani­
cally agitated to enhance heat transfer and prevent plugging. The 
design was limited to 50% effectiveness. 
Ecotope Group (Coppinger et al., 1978; and Reichmuth et al., 
1977) constructed a vertical counter-flow shell and tube heat ex­
changer designed to have an effectiveness of 58%. Greater than 50% 
heat exchange was thought to be possible through the use of vertical 
tubes and the establishment of a temperature gradient within the shell 
and tube counter-flow design. They were handling dairy manure at 10-
12% total solids through 3 inch (76 cm) pipes. They found the manure 
stagnated and acted as an insulator in the outer bundle and that 
solids rapidly plugged the exchanger manifolds. 
Effectiveness and Efficiency 
Two terms often used in heat exchanger work are heat exchanger 
effectiveness, e, and heat exchanger efficiency. Effectiveness is a 
ratio comparing the heat actually transferred to the maximum heat that 
could be transferred. The maximum heat that could be transferred is 
limited by flow rates and specific heats. The heat actually trans­
ferred is limited by surface areas, the convective heat transfer coef­
ficient, the flow rates and specific heats, and the design of the 
exchanger itself. The defining equation for heat exchanger 
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effectiveness is given in the chapter HEAT EXCHANGE THEORY. 
Heat exchanger efficiency is a more inclusive term. It is a 
ratio comparing the power recovered from the exchanger to the power 
input to the exchanger. Efficiency considers all power inputs and out­
puts, such as the power required to pump the fluid through the 
exchanger and the power necessary to agitate or scrape the surfaces. 
Efficiency is affected by effectiveness. Efficiency depends on the 
calculation procedures used to determine it. For example, only a 
portion of the power to pump the fluid through the exchanger needs to 
to be charged to the exchanger. The pumping power necessary to move 
the liquid from one location to another could be subtracted before 
computing the efficiency. The energy necessary to fabricate and in­
stall the exchanger could be pro-rated over the life of the exchanger. 
The power expended in cleaning and maintaining the exchanger also 
could be considered. It is necessary to clearly understand what fac­
tors were considered when comparing efficiencies. 
For a small methane digester, which is a low power producer, it 
is important that the long-term overall efficiency of the exchanger be 
high. To obtain high efficiencies, all the factors affecting effi­
ciency, including effectiveness, must be considered. 
This dissertation is primarily concerned with the determination 
of effectiveness, which is one the main factors affecting efficiency. 
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Types of Heat Exchangers 
Standard configurations 
There are numerous configurations of heat exchangers. The double 
pipe and the shell and tube are used extensively (Figure 1). Other 
types include the rotary regenerator, scraped surface, plate type, 
jacketed tank, and the coil tank (Figures 2, 3, 4). Descriptions of 
these can be found in standard heat exchanger references: Perry (1973), 
Fraas and Ozisik (1965), Farrall (1976), and Kays and London (1964). 
Mixed tank 
The configuration of heat exchanger proposed and discussed in 
this dissertation was a modification of the plate type. Air agitation 
was added. A number of individual passes, or tanks, each with a heat 
transfer surface between the hot and cold fluids were placed together 
in series. The overall flow pattern was counterflow, with the hot 
fluid and cold fluid entering at opposite ends. The tanks were open 
to the atmosphere making it easier to supply and remove the gas used in 
agitation. Supplying and removing the gas has been one of the diffi­
culties in using air for agitation (Rohsenow and Hartnett, 1973). A 
vertical heat transfer surface was selected to obtain a greater flow 
depth, and so there would not be a horizontal heat transfer surface 
where solids could settle. A narrow, deep tank was selected to obtain 
more efficient air agitation. The air flow rates necessary to keep 
the solids from settling completely mixed the fluid, so a complete mix 
tank design was used. The hot fluid was completely mixed in the hot 
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cell and the cold fluid was completely mixed in the cold cell. Suffi­
cient agitation needed to be supplied to meet this condition. The hot 
and the cold fluid were at all times separated from each other by a 
boundary plate, which formed the heat transfer surface. 
The full description of the conceptualized heat exchanger would 
be: a complete mix, multipass, gravity flow, free surface, air agi­
tated, overall-counterflow, digester effluent to manure influent, 
vertical plate-type heat exchanger for use on a beef manure anaerobic 
digester. To shorten the description it will be referred to as a 
single tank mixed tank exchanger when it is composed of only one pass, 
or tank. When it is composed of two or more tanks it will be referred 
to as a multipass mixed tank exchanger. No description of this type 
of exchanger was found in any reference material. 
Several views of a multipass mixed tank exchanger are given in 
Figures 5, 6, 7, and 8. The exchanger shown is a three pass exchanger, 
consisting of three separate tanks. 
Suitability of exchangers 
Although the literature treated several types of heat exchanger 
configurations, no heat transfer references were found that treated 
the transfer of heat from a material such as manure in flow conditions 
that would exist in a small scale anaerobic digester. 
The heat transfer from effluent to influent in an anaerobic 
digester has some unique design requirements. These include the fol­
lowing ; 
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Figure 5- Multipass, mixed tank exchanger 
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1. The temperature differences are small. As reported by Hein 
(1977), the maximum temperature differentials were on the order of 
2. The flow rates are low. Smith et al. (1979) estimated the 
daily manure and dilution water loading rate to the digester from 60 
head of 454 kg beef animals to be 3940 kg/day. This was a flow rate 
of only 2.7 L/min. 
3. The expected heat transfer rate is small. At the maximum 
temperature difference of 31°C, the maximum flow rate of 2.7 L/min and 
100% effectiveness, the maximum heat transfer rate, q, given by equa­
tion 1 was : 
q = 5800 W 
This low heat rate represented a large portion of the potential gas power 
from an anaerobic digester. 
4. The material being handled may be non-Newtonian (Chen and 
Hashimoto, 1976a). Hein et al. (1978) reported that at higher total 
solids, the manure slurry and digester effluent were non-Newtonian. 
At above approximately 5% TS, manure begins to exhibit non-Newtonian 
qualities. This is undoubtedly dependent on the quality of the manure 
as affected by the animal and the ration. Heat transfer equations are 
complicated by the introduction of non—Newtonian fluids. 
5. Manure and digester effluent contain heavy solid material 
that settles and lighter solid material that floats. Hein reported that 
31°C. 
q = (m)(Cp)(AT) 
m^ wlOOO kg\/min ^,4178 J\/1W'S\ 
ÏÔÔÔT^ ( m3 ) (307) (kF^) ^"TT^ min 
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_3 
over 80% of beef cattle waste are finer than 2 x 10 m and that these 
3 
solids had a density of 1500 kg/m . He experienced difficulty in 
keeping the solids suspended in the digester. Coppinger et al. (1978) 
reported that floating material caused difficulty in pipes and plumbing. 
The material tended to bridge and plug openings. Straws, fibers, and 
hair were especially difficult to handle. To handle the material 
required the velocity be kept high enough to prevent solids from settling, 
approximately 1.0 m/s (Miner and Smith, 1975); that the pipe size be 
large enough to prevent plugging, typically greater than 50 mm diameter, 
and that there were no sharp bends, entrances, or contractions where 
plugging can occur. 
6. The manure and the effluent have a tendency to foul the 
collector surfaces. Standard texts (McCabe and Smith, 1976) discussed 
fouling coefficients and ways to clean surfaces. 
As previously mentioned, there was little information in the 
literature that applied directly to an effluent-to-influent heat ex­
changer. Standard heat exchanger design parameters would become more 
applicable at higher flow rates. For high flow rate conditions, 
choices as to which type of heat exchanger should be used were discus­
sed at length in the literature. See Fraas and Ozisik (1965) or Kays 
and London (1964). 
The following discussion will show the disadvantages of the com­
monly used heat exchangers, and why the multipass, mixed tank exchanger 
was chosen over these types. 
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Double pipe The double pipe exchanger had a low velocity when 
a 50 mm diameter or larger pipe, as needed for manure was used. To 
keep the heat transfer coefficient high, fluid velocities must be high. 
The velocity, u, with a flow rate of 2.7 L/min into the digester was: 
u = Q/A [3] 
where Q = flow rate 
A = area 
u = (2.7 L/min) (min/60 s)(m^/1000 L) (A/TT) (0.05 m) ^  
u = 0.23 m/s 
This low velocity would not give favorable heat transfer coefficients. 
In order to obtain high effectiveness when heat transfer coefficients 
are low large heat transfer areas would be required, necessitating a 
long exchanger pipe. The outer pipe would need to be well insulated 
due to its length. Long lengths of double pipe heat exchangers are 
often stacked. This would require many bends, elbows and transitions, 
which would tend to plug. 
Shell and tube The shell and tube heat exchanger would present 
even more problems. The fluid in the shell must pass across the tube 
bundles in a serpentine path. The fluid must enter and exit the tubes 
via a manifold. Plugging would be a problem. The bundled tubes divide 
the flow, so the flow velocity in the tubes would be even lower than 
in a double-pipe. The shell side would be difficult to clean when it 
plugged. This type of exchanger would require extensive modification 
to be suitable as an effluent to influent exchanger on a small anaer­
obic digester. 
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The final report by Coppinger on operation of a full scale diges­
ter (Coppinger et al., 1979) discussed the problems experienced with 
a shell and tube exchanger. Many of the problems they experienced 
also apply to other types of exchangers and their discussion is repeated 
here. They said, "The influent / effluent shell and tube exchanger failed tb 
recover heat as expected .... The prospects for a successful shell and 
tube influent/effluent heat exchanger design are not good, and other 
methods of effluent heat recovery are probably more promising. 
"The first problem was stratified flow. Even after several hours 
of effluent flow in the shell, about 50% of the heat exchanger shell 
surface area remained cold. Assuming that thermal stratification is 
a sign of flow stratification, it is obvious that only a limited sur­
face area was available for heat exchange. 
"Due to the rheological characteristics of manure slurries, 
friction is greater at lower flow rates than higher. This suggests 
how velocity distribution within the exchanger may have been affected 
by pressure loss gradients and geometric asymmetry. The result is that 
slurry will flow along a small path of least resistance rather than 
moving uniformly past the entire cross-sectional area. 
"A second problem is the almost complete lack of convective 
mixing. Because of minimal convective heat transfer, only influent 
slurry in contact with tube surfaces became warmed. Improved agita­
tion to increase the amount of heat exchanged could be provided by 
passive means such as baffles along the heat exchanger surfaces. This 
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was verified by tests conducted with small heat exchanger sections 
constructed for bench scale experiments. %en convective mixing was 
enhanced by baffles placed in the flow region, heat transfer was 
improved. Stratified flow was not a problem in the test set-up due 
to the small cross-sectional area of the flow region. 
"Influent/effluent heat exchange in a heat exchanger is hampered 
by the flow characteristics of the material. Since effluent is more 
homogeneous and free-flowing than influent and virtually devoid of 
foreign debris, the best prospect for heat recovery appears to 
be running effluent against water in a single path counter-flow 
design." 
Their conclusions about heat recovery design did not consider 
active agitation, as is considered in this dissertation. 
Rotary regenerator The rotary regenerator consists of a 
rotary disk that turns slowly and continuously through seals between 
the hot fluid and the cold fluid. The seals tend to clean the disk 
during each rotation and the disk can pass through hard-to-handle mate­
rials. This exchanger is suitable when some mixing of the hot and 
cold fluids is acceptable and at low pressure differences between the 
flows, since the disk does contact each fluid and some leakage at the 
seals will occur. Power requirements to rotate the disk slowly are 
small, and agitation can be added to the fluids. 
This device may have some application to an effluent-to-influent 
heat exchanger. No research was found that considered the rotary re­
generator for heat recovery from manure, however, and it is unknown how 
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well it would perform-
Scraped surface The scraped-surface heat exchanger works well 
in the food industry for tasks such as freezing ice cream (Farrall, 
1976). It can handle viscous and non-Newtonian material. It has some 
minor disadvantages. First, only one surface is scraped in the normal 
design, although, with a complex design, it appears possible that both 
could be scraped. Second, plugging could be a problem, although use 
of spiral scrapers or augers could eliminate that. It also has a 
major disadvantage: energy consumption. The scrapers normally turn 
rapidly and scrape the sidewalls continually. Friction losses and 
fluid turbulence losses, coupled with the drive unit losses, would not 
allow use of a scraped surface exchanger. 
Plate type A plate type heat exchanger for an effluent to in­
fluent exchanger would need a minimum of 50 mm between surfaces to 
prevent clogging. Normally, plates are closer together to increase 
flow velocities. To get enough heat transfer surface area would re­
quire large tanks on each side, and the flow velocities would be low. 
Plugging and settling would be difficult problems in a closed, non-
agitated exchanger. 
Agitated, jacketed tank The agitated jacketed tank is used in 
many batch operations. The material to be heated or cooled is placed 
in the tank and the heating or cooling medium is circulated in the 
jacket. The exchanger suffers from two disadvantages. As a batch 
process, the effectiveness is limited to 50%. In the jacket there are 
opportunities for settling and plugging, and the fluid needs to be 
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continually circulated by pumping. It is not suited for equal flow 
rate situations. 
One possible solution would be to increase the size of the jacket 
making the system a tank-in-a-tank. Then, both tanks could be batch 
operations and agitated. Maximum effectiveness would be 50%, achieved 
when temperature equilibrium between the two tanks was reached. A 
series of tanks would achieve a higher effectiveness. The size and 
number of tanks, the possibility of plugging and settling in the 
plumbing, transferring the flow from one set of tanks to the next, and 
the difficulty in agitating a series of tanks eliminated this configu­
ration from design. 
Agitated coil tank The agitated coil tank is another type of 
batch exchanger. The tank is filled and the second fluid circulated 
through the coils. Usually, it is not used for transfer for equal 
flow rates. It can be adapted to a batch operation by closing the coil 
loop and recirculating the same fluid in the pipes. This has the dis­
advantage of being limited to 50% effectiveness, unless a number of 
tanks are used. Pumping energy, plugging, settling, and the large 
amount of pipe needed rules this out as a viable option. 
Multipass mixed tank Another design possibility would be the 
multipass mixed tank exchanger. This design utilizes some of the 
features of the flat-plate exchanger and some of the agitated tank. 
In most counter-current flow heat exchangers, the turbulence is intro­
duced by the flow velocity. It is difficult to introduce outside 
agitation, either with air agitation or mechanical agitation. Most 
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tank operations are batch and are limited to an effectiveness of 50%. 
By combining a series of tanks composed of flat plates, air agitation 
can easily be applied and a continuous flow can be maintained. A high 
flow velocity is no longer needed as the agitation will keep the solids 
suspended and introduce turbulence to augment the heat transfer coef­
ficient. The use of a series of completely mixed tanks within a 
single shell allows an effectiveness of over 50%. Use of properly 
designed tank overflow entrances and exits would reduce plugging prob­
lems, and an open-top, free-surface design would allow floating debris 
to be removed easily. The flat plates and the open top would allow 
easy cleaning of the liquid and heat transfer surfaces. 
The multipass mixed tank exchanger is only a concept. There are 
numerous design variables to consider. The entrance and exit need to 
be of a type that will prevent plugging. The location of the inlet 
and exit needs to be such that short-circuiting within the tank does 
not occur. Some baffling may be necessary. A non-plugging, smoothed 
overflow weir could be used. The length, width, channel width, and 
tank numbers could all be varied. The number and location of the air 
inlets have not been determined. 
Mathematical analysis of the multipass complete mix exchanger can 
be made using the equations derived in this dissertation. 
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OBJECTIVES 
The broad objective of this study was to determine the design 
parameters for a heat exchanger to be used with an anaerobic digester 
that would digest manure from 60 beef cattle. The heat exchanger was 
to exchange heat from the warm digester effluent to the cold manure 
slurry entering the digester. In order to realize this objective, the 
sub-objectives were: 
1. To develop design equations and curves for a multipass mixed 
tank, exchanger. These equations should relate the effectiveness of the 
exchanger to the design parameters of flow rates, heat transfer coef­
ficients, heat exchange surface area, and the number of tanks. 
2. To construct a prototype vertical plate heat exchanger and to 
calibrate it using water. 
3. To operate the prototype heat exchanger on the beef anaerobic 
digester using beef manure and digester effluent. During operation 
the following would be evaluated: 
a) The effective convective heat transfer coefficient of the 
beef manure and anaerobic digester effluent. 
b) The effects of air agitation for enhancing the convective 
heat transfer coefficient. 
c) The effects of air agitation to suspend solids and reduce 
plugging. 
d) Overall operation of the exchanger. 
The beef anaerobic digester was not completed in time for the 
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prototype heat exchanger to be used, as planned in objective 3. Objec­
tive 4 was added to replace 3. 
4. To design, construct, and operate a device to determine the 
convective heat transfer coefficient of beef manure and digester 
effluent at various dilutions of the fluid and for various agitation 
rates. 
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SYMBOLS AND EQUATIONS 
Symbols 
a = linear regression intercept 
a = plate thickness 
a = thermal diffusivity 
a.c. = alternating current 
A = heat transfer surface area 
A = value to be used to determine the Nusselt number for free 
convection laminar flow 
A. = area of the inner surface 
X 
A = area of the outer surface 
o 
A = cold surface wall area 
c 
A^ = hot surface wall area 
2 Air = air agitation flow rate/unit bottom area, L/m -s 
A = average surface wall area 
w 
b = linear regression slope 
^ = subscript for cold fluid 
C = a coefficient 
= cold fluid capacity rate 
cP = centipoise 
= hot fluid capacity rate 
cm = centimeters 
C , = smaller of the C, and C magnitudes 
mxn h c 
COD = chemical oxygen demand 
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Cp = specific heat at constant pressure 
= specific heat at constant pressure of cold fluid 
C.V. = coefficient of variation 
= specific heat at constant pressure of hot fluid 
D.F. = degrees of freedom 
D = nozzle diameter 
o 
g = acceleration of gravity 
Gr = Grashof number 
F = F table values 
h = convective heat transfer coefficient 
h = head 
^ = subscript for hot fluid 
h = cold side convective heat transfer coefficient 
c 
h^^ = cold side fouling coefficient 
hj^ = hot side fouling coefficient 
= hot side convective heat transfer coefficient 
h^ = convective heat transfer coefficient from the inner surface 
to the fluid 
h = convective heat transfer coefficient from the outer surface 
o 
to the fluid 
H = effective depth 
= subscript for fluid into exchanger 
k = thermal conductivity or conductance 
kg = kilogram 
k^ = thermal conductivity of water 
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K = consistency index 
K' = q/h 
L = characteristic length 
L = effective length of bob 
L = length of cylinder 
L = liter 
m = mass flow rate 
= subscript for maximum 
max 
m = mass flow rate of cold fluid stream 
c 
m = meter 
m^ = mass flow rate of hot fluid stream 
= subscript for minimum 
mm 
min = minute 
mm = millimeters 
M = capacity-rate ratio 
n = flow behavior index 
n = number of individual passes (tanks) 
N = number of heat transfer units for the pass 
tu 
Nu = Nusselt number 
= subscript for fluid out of exchanger 
Pi» p^, P^» ••• = individual errors 
P = power 
2 P = pressure drop in nozzle, with units of kg/m to be consistent 
with Nagata (1975) 
P = probable error 
31 
= absolute gas pressure at the free surface 
2 
= absolute gas pressure in N/m at the bottom of the vessel 
Pr = Prandtl number 
Pr = probability 
q = heat transfer rate 
q = maximum heat transfer rate 
max 
Q = flow rate 
= discharge rate at the critical point 
= air volume flow rate at the free surface 
r = radius of bob 
2 
r = coefficient of correlation 
r. = inner radius 
1 
r = outer radius 
o 
rpm = revolutions per minute 
R = thermal resistivity or thermal resistance 
Ra = Rayleigh number 
Re = Reynolds number 
s = seconds 
T = temperature 
= bulk temperature of the fluid 
T ^ = temperature of cold side fluid out of exchanger 
c,out 
= temperature of cold side fluid into exchanger 
^h out ~ temperature of hot side fluid out of exchanger 
= temperature of hot side fluid into exchanger 
= inner temperature 
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= temperature of solid surface 
T . = temperature of the inner surface 51 
T = temperature of the outer surface 
so 
T = outer temperature 
o 
TS = total solids 
u = characteristic velocity 
U = overall conductance for heat transfer 
U = overall conductance for heat transfer based on the area of 
c 
the cold side 
U, = overall conductance for heat transfer based on the area of 
h 
the hot side 
V = volts 
W = watts 
X = partial length 
X = 
n 
X = COD reduction 
X^ = weight fraction of suspended or dissolved material 
Y = volume of methane produced/COD reduced 
eM -
Y = 
Z = energy content of digester gas 
6 = coefficient of thermal expansion 
3Q, 3^, gg) ^-3 = regression coefficients 
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Y = specific weight 
Y = shear rate 
6^ * = thermal layer thickness 
AT^ = temperature difference between the bulk temperature of the 
fluid and the cold inner surface 
A = temperature difference between the outer surface and the 
to 
bulk temperature of the fluid 
A = change or difference 
AT = temperature difference between the hot outer surface and the 
o 
bulk temperature of the fluid 
£ = heat exchanger effectiveness 
e = effectiveness of each pass 
P 
y = coefficient of viscosity 
V = kinematic viscosity 
p = density 
a = surface tension 
T = shear stress 
T = torque 
n = bob angular, velocity 
°C = degress Celsius 
Equations 
q = (m)(Cp)(AT) [1] 
P = (COD) (X) (Y) (Z) [2] 
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u = Q/A . [3] 
q = (A) Ch) (Tg-T^) [4] 
Gr = <?)«-') (6) (AD ^3, 
V 
Nu = (h)(L)/k [6] 
Nu = L/ô^' [7] 
Pr = (C )(u)/k [8] 
Ra = (Gr)(Pr) [9] 
Re = y [10] 
Nu^ = 0.23Re°'Gpr°'^°^°'4 [ii] 
Nu^ = 0.036Prl/3(Re^°'B_23,200) [12] 
Nu^ = (0.75)(A)(Gr Pr)°'25 [13] 
Nu^ = A(Gr^Pr)^"^^ [14] 
A = (  —  ) ^ ^ 4  [ 1 5 ]  
(2.43478+4.884/Pr+4.95283Pr) 
Nu^ = 0.555(Gr^Pr)l/4 [16] 
Nu^ = 0.0295Gr^^/^Pr^/15(l+0.494Pr2/3)-2/5 [u] 
Nu^ = 0.0246Gr^2/5pr7/15(l+0.494Pr2/3)-2/5 [ig] 
Nu^ = 0.0210(GrPr)^^^ [19] 
Ch = (*Cp)h [20] 
= (mCp)^ [21] 
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II = UAT 
dA 
q = UAAT 
q = hA(T^-T^) 
' +T^+ . ! . 1 1 
C 
"c ». "dc \^'V^ 6h <W\ 
^ " '\Sl>''^h,in"\,out' 
^ ° "cSc"c.ourt,in^ 
4 - ™"h,o„t-^c,out) 
= !h%  ^
\Sh 
CjOUt 
m C T . +q 
= c pc c,in 
m C 
c pc 
4 C ^T, . -q m C T . +q 
A = TTAf " h'ln - c pc c.in 
^ ^ m, C , AC ^ 
n pn c pc 
c pc n ph 
^inin^\,in~'^c,in^ 
^ " S^\,in~^h,out^ 
[22] 
[23] 
[24] 
[25] 
[263 
[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 
[34] 
[34a] 
[34b] 
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^ - Cc(Tc,out-Tc,in) 
E = ' ' 
q C . (T, . -T . ) 
max mxn h,in c,in 
q C (T ^-T . ) 
- = ^ c c,out c,in 
q C . (T, . -T . ) 
max mm h,in c,xn 
£ = 
(1+M ) 
C . (T . -T . ) 
mm h, in c, xn 
s = 
h c 
AU 1 
mxn min 
C . /C = 
(mC ) p max 
^tu £ = 
1 + N +N C . 
tu tu^ mxn.. 
max 
fl—£ (C . /C )\ —1 p mxn max | ) 
£ = 
(--£ (C . /C )\n C . p mxn max i mxn 
1 - e j max 
P ' 
n£ 
P 
£ = 
1+ (n-l)£ 
P 
[34c] 
[35] 
[35a] 
[36] 
[37] 
[38] 
[39] 
[40] 
[41] 
[42] 
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max 
S = F ) 143] 
6 = ^  [44] 
(X-M) 
x=-^ [45] 
£-1 
1 - £ M 
2_ = Y [47] 
1 -  £  
P 
S ' # [48] 
Ep ' »tu,p/(l + «Cu.p + Ktu.pK) [49] 
®tu,p>'(l + ''tu.p + \u,p« = 150] 
\u.p • PS 15:] 
= (Y-1)(n)/(1-YM) [52] 
U = (y-1) (C^^) (n)/(!-%!) (A) [53] 
£ = (N /n)/(l+N /n + N M/n) [54] 
p tu tu tu 
£p = (N^^/n)/(l + 2N^^/n) [55] 
= (-£n)/(£+£n-n) [56] 
U = + [57] 
10.5(agd^/pv^)°'^®(Pd^/a)°-" [58] 
o 
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^ = 21(o.g.d^/pv2)0'48(p.d^/c)0.65 [59] 
o 
%) [60] 
^ -0.74 
[61] 
o o 
P = P^Q^log^|2 [62] 
1 
P - P,Q^log^(Il^) [63] 
P = YH [64] 
Q = CAv^ [65] 
m = (q/CpAT)(p2ctor gf safety^ [^6] 
/~2 2 2 
P = /Pl +P2 +P3 [67] 
T = yy [68] 
T = Ky" [69] 
 ^= 2 AS] [70] 
^ Alog^T 
[71] 
q=^V^ [72] 
. • 1 O 
"i = V^si ["I 
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AT^ • Ts.-Ty ["] 
«i = é: '«1 
1 
^^1 " 0.08478 (77] 
"o = it (78: 
o 
' Ô&4 f"l 
AT. + AT^ " 0.08478'*'0.2294 
AT^ + AT^ = 16.15K' [81] 
AT. +AT = [82] 
1 o n 
h = 16.15q 
AT. + AT 1 o 
so SI 
[83] 
h = "1^ 41^  [84] 
so si 
= [85] 
so SX 
[86] 
K = K (1.0-0.5X ) [87] 
w s' ^ 
h = 2630-515TS+29.22TS^+30.59Air [88] 
h = 3135-543.3TS+22.16TS^+39.51Air [89] 
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HEAT EXCHANGE THEORY 
Design Equations 
Def ining 
The rate of heat transfer by convection between a solid boundary 
and a fluid was evaluated by means of the equation: 
q = Ah(Tg-T^) [4] 
where 
q = rate of heat transfer by convection 
h = convective heat transfer coefficient 
T = temperature of solid surface 
s 
T, = bulk temperature of fluid 
b 
Kreith (1973) stated, "The convection equation in this form seems 
quite simple. The simplicity is misleading, however, because the 
equation is a definition of the average unit thermal convective con­
ductance (convective heat transfer coefficient),h, rather than a law 
of heat transfer by convection. The convective heat transfer coef­
ficient is actually a complicated function of the fluid flow, the 
thermal properties of the fluid medium, and the geometry of the system. 
Its numerical value is in general not uniform over a surface, and 
depends also on the location where the fluid temperature Too (T^) is 
measured. 
"Although the equation is generally used to determine the rate of 
heat flow by convection between a surface and the fluid in contact 
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with it, this relation is inadequate to explain the convective heat-
flow mechanism." 
Eckert (1950) explained that heat exchange between a wall and a 
fluid when the flow was caused by external forces was termed heat 
transfer by forced convection. The heat exchanged between a gas or 
liquid set in motion by temperature differences only was called heat 
transfer by free convection. He further explained that in both cases 
the resistance to heat transfer was usually concentrated in a thin 
layer immediately adjacent to the wall surface, and the convective 
heat transfer was essentially a problem of heat transfer by conduction 
across this boundary layer. Reducing the thickness of the boundary 
layer increased the heat transfer rate. 
In forced convection flow, the flow was either laminar or turbu­
lent. Eckert gave a good explanation of the determination of the 
thermal boundary layer equation for both the laminar and turbulent 
flow case. 
In natural convection, the flow forces were caused by the tem­
perature differences between the fluid and the surface causing changes 
in fluid density. Again the flow was either laminar or turbulent. 
For the turbulent flow case Eckert presented an experimentally derived 
equation. 
Dimensionless groups 
There were a number of dimensionless groups that were used in heat 
transfer equations. These were found in the previously referenced 
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heat transfer texts. A listing of the groupings used in the disserta­
tion follows. 
Grashof number, Gr The Grashof number served in much the same 
role for natural convection as the Reynolds number did in forced con­
vection heat transfer. It was a measure of the vigor of the flow 
induced (Gebhart, 1971). The relationship between the two groups was 
apparent when the Grashof number was broken down as follows (Bennett 
and Myers, 1974): 
Gr = [5] 
V 
- (^ ) 
yv/L uv 
.buoyant force.^inertia force. 
viscous drag viscous drag 
" ^ viscous drlg^)(*=y*°lds number) 
where 
g = acceleration of gravity 
L = characteristic length 
3 = coefficient of thermal expansion 
AT = temperature difference 
V = kinematic viscosity 
u = characteristic velocity 
Nusselt number, Nu The Nusselt number was interpreted physi­
cally as the ratio of the temperature gradient in the fluid immedi­
ately in contact with the surface to a reference temperature gradient 
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(Kreith, 1973). It also was interpreted as the ratio of the two 
lengths. It was the ratio of the length L to the thermal boundary-
layer thickness 5^'. Since the boundary-layer thickness was always 
small compared with the length L, the Nusselt number was large. The 
thermal boundary-layer thickness decreased with increasing Reynolds 
and Prandtl numbers. Both values therefore increase the Nusselt 
number (Eckert, 1950). The Nusselt number was defined as: 
Nu = hL/K [6] 
Nu = L/6^' [ 7 ]  
where 
Nu = Nusselt number 
h = convective heat transfer coefficient 
L = characteristic length 
K = thermal conductivity 
6^' = thermal layer thickness 
The Nusselt number was often calculated for a partial length, x, 
rather than over the complete length, L. When this was done, the dis­
tinction was made with a subscript as Nu^ or Nu^. The correct length 
must be used in equations for heat transfer, although which length was 
not always obvious. For instance, in the laboratory equipment used to 
determine the convective heat transfer coefficient, h, the correct 
length to use in the natural convective coefficients was the total 
vertical height of the cylinders, and the partial length, x, referred 
to the height from the bottom of the cylinder. The length to be used 
when computing the thermal boundary-layer thickness was a horizontal 
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radial distance from the surface of the inner cylinder. 
As the Nusselt number approached unity, the mechanism of heat 
transfer shifted from primarily convective to primarily conductive, 
and at some point the length dimension changed from the vertical dis­
tance to the horizontal distance between the inner and outer cylinder. 
In this dissertation the average value of the Nusselt number over the 
entire length was used unless otherwise noted. 
Prandtl number, Pr The Prandtl number was the ratio of two 
molecular-transport properties, the kinematic viscosity, v = y/p, 
which affected the velocity distribution, and the thermal diffusivity, 
a = K/pCp, which affected the temperature profile. In other words, 
it was a dimensionless group which related the temperature distribution 
to the velocity distribution. It indicated the steepness of the tem­
perature gradients (Gebhart, 1971) and was defined by Kreith (1973) as: 
c  y  
Pr = -2- [8] 
where 
Pr = Prandtl number 
Cp = specific heat 
y = viscosity 
K = thermal conductivity 
p = density 
V = kinematic viscosity 
a = thermal diffusivity 
Rayleigh number, Ra The Rayleigh number was equal to the 
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product of the Grashof number and the Prandtl number, or: 
Ra = GrPr [9] 
where 
Ra = Rayleigh number 
Gr = Grashof number 
Pr = Prandtl number 
Reynolds number The dimensionless Reynolds number defined 
the upper and lower limits of laminar and turbulent flow for all fluids 
in forced flow. The critical Reynolds number was a function of boun­
dary geometry and must be determined experimentally ; because of the 
obscure origins of turbulence, analytical methods for predicting 
critical Reynolds numbers have yet to be developed (Vennard, 1961). 
It was a ratio of inertial forces to viscous forces and was defined 
as: 
where 
R^ = Reynolds number 
u = characteristic velocity 
p = density 
y = viscosity 
2 Gr/R^ The ratio of the Grashof number divided by the Reynolds 
2 
number squared, Gr/R^ , was proportional to the ratio of the buoyancy 
force divided-by the inertial force and could be used to determine if 
free convection or forced convection was the primary heat transfer 
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mechanism. For free convection the ratio would be greater than unity; 
for forced convection the ratio would be less than one, and for mixed 
free and forced convection the ratio would be approximately one (Pitts 
and Sissom, 1977). 
Forced convection laminar flow 
Since the time of Eckert's text, there have been several attempts 
to refine the problems of both forced and free convective heat trans­
fer. Forced convection laminar flow over a flat plate lent itself to 
exact solution. Gebhart (1973) provided an extensive summary of 
recent work. Kreith (1973) used an approximate boundary-layer analysis 
to obtain a simplified equation that is adequate for design purposes. 
The equation for forced convection laminar flow over a flat plate was: 
Nu = 0.33Re 
X X 
1/2 1/3 
and Nu^ = 0.66Re^ ' Pr 
where 
Nu^ = local value of the Nusselt number at point x 
Nu^ = average value of the Nusselt number over surface of length L 
Re^ = local value of the Reynolds number at point x 
Re^ = average value of the Reynolds number over surface of length 
L 
Pr = Prandtl number 
The flow was considered laminar as long as the Re number was less 
than 5 x 10^. 
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Forced convection turbulent flow 
An exact solution for the problem of forced convection turbulent 
flow has not been found due to the extreme complexity of turbulent 
motion. However, there were empirical equations useful for engineer­
ing design. Reynolds analogy as given in Bennett and Myers (1974) was 
an early attempt to relate heat transport to fluid transfer and fric­
tion factors. The most commonly used equation for forced convection 
turbulent flow within a pipe, which gives greater accuracy than the 
Reynolds analogy was the Dittus-Boelter. It was given by Bennett and 
Myers (1974) as: 
Nu^ = 0.23Re°'Gpr°'3 [11] 
where 
the exponent on the Prandtl number is 0.4 for heating the fluid 
and 0.3 for cooling. 
Bennett and ^ers (1974) reported that an analysis of the equa­
tion in predicting experimental results showed an overall root-mean-
square deviation of 13 percent for 651 data points as reported in a 
dozen studies. Fully turbulent flow took place at a Reynolds number 
of about 10,000. 
The solution commonly used for the average unit thermal convective 
conductance coefficient, h, for forced convection turbulent flow over 
a plane surface was given by Kreith (1973) as; 
Nu^ = 0.036Pr^^^(Re^°*®-23,000) [12] 
This equation considered the effects of the laminar boundary 
48 
layer up to the point where turbulence began. It was for use when 
the Reynolds number was greater than 5 x 10^. 
Free convection laminar flow 
Convective heat transfer by free convection laminar flow is more 
complex than heat transfer by forced convection. The temperature 
difference between the fluid and the surface furnishes the driving 
force, which causes a mass transfer. The flow and temperature fields 
are completely coupled and must be considered together. The flows are 
relatively weak. There has been considerable interest in an exact 
analytical solution and with the work of Ostrach, as cited in Irvine 
and Hartnett (1975), the classical problem has been completely solved. 
The solution for a heated vertical flat plate free convection laminar 
flow is : 
Nu^ = 0.75(A) (Gr^Pr)°'25 [13] 
and Nu^ = A(Gr^Pr)^'^^ [14] 
Computer solutions for A were listed in Irvine and Hartnett (1975). 
An empirical expression for A, which gave a slightly reduced accuracy 
was : 
A = ((Pr)/(2.43478+4.884/Pr+4.95283Pr))^/* [15] 
where 
Gr = local value of the Grashof number at point x 
X  
Gr^ = average value of the Grashof number over surface of length 
L 
A = value given by equation 15 
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The flow was considered laminar when the product of Gr^ and Pr 
9 
was less than 10 . 
A simpler form of free convection laminar flow as given by Kreith 
(1973) was: 
1/4 
Nu^ = 0.555(Gr^Pr) [16] 
Free convection turbulent flow 
An exact solution for the problem of free convection turbulent 
flow has not been found due to the extreme complexity of turbulent 
motion, complicated by the coupling of the flow and temperature fields. 
As in the forced convection turbulent flow case there were a number of 
equations available. The most often quoted equation for free convec­
tion turbulent flow past a heated vertical flat plate or large vertical 
cylinders was Eckert's (Pitts and Sissom, 1977): 
Nu^ = 0.0295Gr2/^Pr^/15(l+0.494Pr2/3)"2/^ [17] 
and Nu^ = 0.0246Gr2/^Pr^/^^(l+0.494Pr2/3)-2/5 [18] 
The flow was considered turbulent when the product of Gr^ and Pr 
9 
was greater than 10 . Both the 1950 and 1963 editions of Eckert's 
text had his equation with an incorrect exponent of 7/5 on the Prandtl 
number. 
A simpler form of the equation, as given by Kreith (1973) was: 
2 / 5  
Nu^ = 0.0210(GrPr) ' [19] 
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Application of the Equations 
Cylinders and flat plates 
For heat transfer between concentric vertical cylinders, 
Kraussold, as cited in Fishenden and Saunders (1950), showed that all 
the equations for vertical flat plates could be used for cylinders 
provided the ratio of the diameter of the outer cylinder to the diam­
eter of the inner cylinder was not greater than about 5. These 
results must be used with caution, since it was known that natural 
convection from a cylinder tended to pure conduction as the inner 
diameter became small. Also, the experiments extended only to ratios 
of about 8, with ratios higher than 8 extrapolated. The laboratory 
equipment used in the present experiment to determine the convective 
heat transfer coefficient was designed with a diameter ratio of 2.7 
to ensure flat plate equations based on diameter ratios alone would 
be suitable. 
Accuracy 
Forced convection heat transfer coefficients In heat ex­
changer design, heat transfer normally takes place by means of turbu­
lent forced convection flow (Bennett and Myers, 1974). For non-
Newtonian fluids analytical solutions are even more difficult than 
for Newtonian fluids. As quoted in A. H. P. Skelland's (1967) text, 
"Although turbulent flow is desirable because of the increased rates 
of heat transfer, the attainment of turbulence is often precluded by 
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the high consistency of many non-Newtonian fluids. Studies have there­
fore been particularly meager in this area and have been confined to 
flow in cylindrical tubes." He went on to give the Dittus-Boelter 
equation in modified form for use in predicting the convective heat 
transfer coefficient, h, for turbulent forced convection flow in a 
cylindrical tube. He did not give any material to determine the heat 
transfer in a gas agitated vessel with vertical surfaces. 
Kreith (1973) stated that in both "laminar and in turbulent flow 
the accuracy of a heat-transfer coefficient predicted from any 
available equation or graph may be no better than 30 percent. In the 
transition region ... the accuracy ... may be even lower." For non-
Newtonian flow the expected accuracy is even lower. 
Free convection heat transfer coefficients None of the equa­
tions for the convective heat transfer coefficient, h, were considered 
to be accurate in actual practice. Kreith (1973) indicated that most 
of the experimental data showed scatter of ± 15% or more, so that a 
prediction from the equation was generally no better than 20%. It 
would be likely that values for cylinders, or natural convection coef­
ficients would be at the far range of the scatter, and that values 
for natural convection from cylinders would be even outside the range. 
Kreith's (1973) Figure 7-4, Correlation of data for free-convection 
heat transfer from vertical plates and cylinders, on page 393, showed 
that the experimentally determined value of the Nusselt number in the 
9 transition region of Gr^Pr of 10 were fully 50% above the value pre­
dicted by equation 16 or equation 19. 
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Available literature 
Bergles et al. (1979) prepared a bibliography of the world liter­
ature on augmentation of convective heat and mass transfer. The 
literature was classified into passive augmentation techniques, which 
required no external power, and active techniques, which did require 
external power. The report grouped the fourteen techniques in terms 
of their application to the various modes of heat transfer. The total 
number of publications cited was 1967, including 75 surveys of various 
techniques and 42 papers on performance evaluation of passive tech­
niques . 
None of the referenced material seemed to address the topic of a 
multipass mixed tank exchanger or heat transfer augmentation of a 
non-Newtonian fluid, such as manure, by use of gas agitation when the 
fluid was contained between two vertical plates. 
Heat Transfer in Direct Type Exchangers 
Def ining equation 
In the conventional two-fluid heat exchanger, Kays and London 
(1964) note the parameters relating to heat transfer performance are 
as follows: 
U = overall conductance for heat transfer 
A = heat transfer surface area 
T h,in 
^ } = hot-fluid temperatures 
hjOut 
T . 
c,in 
^ } = cold-fluid temperatures 
CjOUt 
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= (mCp)^ = hot-fluid capacity rate [20 ]  
where m = mass flow rate and is specific heat 
C = (mC ) = cold-fluid capacity rate 
c p c [21] 
where m = mass flow rate and is specfic heat. 
Flow arrangement = counterflow, parallel flow, cross-flow 
parallel counterflow, or combinations of 
these basic arrangement. 
The interrelation of these parameters provides the basis for the heat 
transfer aspects of exchanger design. 
Overall thermal conductance 
An expression, the overall heat transfer rate equation, combines 
the convective and conductive mechanisms responsible for heat transfer 
from the hot to the cold fluid, into a single equation: 
where 
dq/dA = heat flux per unit transfer area at a section in the ex­
changer where the temperature difference is AT 
U = overall thermal conductance based on a temperature potential 
(AT) and a unit transfer area 
The equation is often expressed as: 
dq/dA = UAT [22]  
q = UA(AT) [23] 
where 
q = overall rate of heat transfer 
U = overall thermal conductance 
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AT = temperature difference 
A = heat transfer surface on which U is based 
Convective heat transfer coefficients 
When the rate of heat transfer is for an individual component rather 
than for an individual rate, the equation is expressed as: 
q = hA(T^-Tg) [24] 
where 
h = convective heat transfer coefficient 
= bulk temperature of the fluid 
= temperature of solid surface 
It is conventional when using heat transfer equations to dis­
regard the signs. It is then important to recognize that heat flows 
from the hotter surface to the cooler surface. 
As noted in Kays and London (1964), the reciprocal of U is an 
overall thermal resistance which can be considered as having the fol­
lowing series components: 
1) A hot-side convective heat transfer coefficient, h^. 
2) A wall-conduction component. 
3) A cold-side convective heat transfer coefficient, h^. 
4) Fouling factors to allow for scaling in service on both the 
hot and cold sides. 
Two equations for the overall thermal conductance, one based on 
the area of the hot side and one based on the area of the cold side, 
may be written: 
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\ \ ^ V * Wc'V^dc ^  Wc'V'-c 
t t •" V "• "• "• "Mx '"' 
where 
U, = overall conductance for heat transfer based on the area of h 
the hot side 
U = overall conductance for heat transfer based on the area of 
c 
the cold side 
= hot side convective heat transfer coefficient 
h = cold side convective heat transfer coefficient 
c 
a = plate thickness 
K = unit thermal conductivity of the plate 
A = average surface wall area 
w 
= hot surface wall area 
A = cold surface wall area 
c 
hj, = hot side fouling coefficient dh 
h^^ = cold side fouling coefficient 
The convective film coefficients, h and h, are complex functions 
c n 
of surface geometry, fluid properties, and flow conditions. The 
engineer generally relies on model experiments to establish these 
coefficients. Kays and London (1964) present a number of coefficients 
in graphical form. 
In order to relate all of the heat exchanger variables listed at 
the beginning of this section, the heat transfer rate equation must 
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be combined with the energy equation, equating the loss of enthalpy 
of the hot fluid to the gain of enthalpy of the cold fluid. To more 
easily manipulate the variables, Kays and London group the variables 
into a smaller number of nondimensional parameters which allow 
graphical description of their relationships. The groupings selected 
include : 
1) Exchanger heat transfer effectiveness, e. 
2) Number of exchanger heat transfer units, 
3) Capacity-rate ratio C . /C 
mm max 
These terms are more fully defined elsewhere in the dissertation. In 
general it is possible to express the effectiveness of an exchanger 
as the following: 
£= f(N^ , C . /C , flow arrangement) 
t u '  m m  m a x  ^  
The following developments make use of the groupings and explain 
them further. 
Development of Design Equations for a Single Tank Mixed 
Tank Exchanger 
Configuration 
There are numerous configurations for heat exchangers. One config­
uration apparently not considered in the literature is the multipass 
mixed tank exchanger. 
Derivation of the design equations for a multipass mixed tank ex­
changer is similar to that used to derive design equations for other 
heat exchanger configurations. There are two established design 
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approaches: the log-mean rate equation and the approach. The 
E-N^ approach was chosen because it simplified the algebra and it was 
applicable to a completely mixed tank, whereas the log-mean temperature 
did not apply in a completely mixed tank. 
The derivation for a single tank was performed following the pro­
cedure of Kays and London (1964)(Figure 9). The derivation was based 
on heat balances. It also made use of various algebraic manipulations 
to put the relationships of temperature ratios, flow ratios, heat trans­
fer coefficients and surface areas in a form that lent themselves to 
design use. 
Heat balances 
The heat transfer rates from the hot stream, the cold stream and 
across the boundary plate must all be in balance for steady-state condi­
tions. In a single completely mixed tank, the outgoing temperature 
from each cell is identical with the temperature in the cell. The hot 
stream heat transfer rate is: 
' - \ '=ph"h,in-^h,o.t) I"1 
where 
= specific heat at constant pressure of hot fluid 
q = heat transfer rate 
= mass flow rate of the hot fluid stream 
T . = hot fluid side temperature in h, in 
^h out ~ fluid side temperature out 
Similarly for the cold stream: 
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/'// // // // // // / //////;/ 
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"T 
/ 
/ 
/ 
/ 
^ HOT FLUID OUT 
Ln 
00 
Figure 9. Top view of a single tank, mixed tank exchanger 
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^ - Vpc'"c,out-^c,in> tZS] 
where 
= specific heat at constant pressure of cold fluid 
q = heat transfer rate 
m = mass flow rate of the cold fluid stream 
c 
T . = hot fluid side temperature in 
c,in 
T ^ = cold fluid side temperature out 
c,out 
The heat transfer rate, q, across the boundary plate is: 
where 
U = overall conductance for heat transfer 
A = heat transfer area of the boundary plate 
In completely mixed tanks, the temperatures out are identical with 
the temperatures in the tanks. 
Manipulation of equations 
In a design situation, the known parameters are incoming tempera­
ture, T, . and T . , specific heats, C , and C , and overall conduc-h,xn c,in' ^ ph pc 
tance for heat transfer, U. The area of the boundary plate can be 
varied. The unknowns are the outgoing temperatures, T, and T , h,out c,out 
and the heat transfer rate. Equations 27 to 29 can be rearranged to 
yield an expression for the heat transfer rate, q, in terms of known 
parameters and the variable area without knowing outgoing temperatures. 
Once the heat transfer rate, q, is known, the outgoing temperatures 
can be determined using equations 27 and 28. 
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Rearranging equation 27 gives: 
m, C , T, . -q 
v... • 
Rearranging equation 28 gives : 
m C T . +q 
" nc c,"-
Î C 
c pc 
Substituting equations 30 and 31 in 29 gives; 
m, C , T . -q m C T . +q 
q = uAf " h'ln c pc c,in ) 
^ ^ A, C , m C ^ 
n ph c pc 
Equation 32 can be manipulated to give: 
""cout ' [31] 
[32] 
UA(T, . -T . ) 
^ m C ic J 
c pc n ph 
Equation 33 is the equation needed to determine the heat transfer 
rate, q, in a single-tank, complete mix exchanger. 
Effect ivenes s 
It is often convenient to work with heat exchanger effectiveness-
The concept of effectiveness will be needed later to derive the general 
multipass mixed tank exchanger equations. 
The effectiveness of a heat exchanger is defined to be: 
e = -3 [34] 
Snax 
where 
£ = effectiveness 
q = heat transfer rate 
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q_ = maximum heat transfer rate 
^ax 
The maximum heat transfer rate depends on the flow rates, specific 
heats, and temperatures. The flow stream with the smaller capacity to 
absorb or release heat will limit the maximum heat transfer rate, as 
will the maximum temperature difference between the hot and cold in­
coming streams. Kays and London (1964) expressed this as: 
q = C . (T, . -T . ) [34a] 
max mxn h,in c,in 
where 
q = maximum rate of heat transfer 
max 
C . = smaller of the C, and C magnitudes 
mm h c ° 
C = cold fluid capacity rate equal to m C 
c c pc 
= hot fluid capacity rate equal to m^C^^ 
The heat transfer rate, q, can be determined from either the hot 
stream flow or the cold stream flow. For the hot stream flow it is 
found from: 
' - '=h"h,ln-^h,out> [""1 
and for the cold stream it is found from: 
^ = <=c"=,»ut-^c,in> :34c: 
The effectiveness, £, can be expressed for the hot stream using 
equations 34, 34a, and 34b as: 
and for the cold stream using equations 34, 34a, and 34c as: 
62 
C (T ^-T . ) 
max mm h,in c,in 
The effectiveness of a single tank, complete mix exchanger can be 
determined by use of equation 33 to find q and equation 35 to give 
UA(T, . -T . f h,in c,in 
a 
This reduces to: 
h c 
Note that no temperatures appear in this equation. 
Two other useful design equations as presented by Hays and London 
are the number of heat transfer units, and the capacity-rate ratio, 
C . /C 
mm max 
Number of transfer units, Ntu 
The N is defined as follows: tu,p 
AU A 
""tu = C-^ = — ^ [38] 
mm mm o 
In most heat exchanger design work it is not possible to determine 
the integral of the overall heat transfer coefficient and a single, 
average value, is used as a constant value. 
Capacity-rate ratio 
The capacity-rate ratio is defined as follows: 
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C_.._ 
[39] mxn p mm C (mC ) 
max p max 
where m and are for the appropriate fluids. 
In general, it is possible to express the effectiveness as a func­
tion of the number of exchange heat transfer units, the capacity-
rate ratio, and the flow arrangement. Graphs and tables are given in 
Kays and London for several configurations, but not for the mixed tank. 
General solution 
Introducing the concept from equation 38 into equation 37 and 
also using the capacity-rate ratio from equation 39 gives a dimension-
less expression for effectiveness as: 
£ = — c [40] 
max 
Design tables and curves 
Equation 40 is the general equation for use with a single tank, 
complete mix exchanger. Its use with the previous equations in this 
section allows analysis and design. To facilitate use of the equation 
the effectiveness, e, is tabulated as a function of number of transfer 
units, and for various capacity-rate ratios in Table 1. Figure 
10 is a plot of equation 40. 
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Table 1. Exchanger effectiveness, e, as a function of capacity-
rate ratio, Cmin/Cmav, and number of heat transfer units, 
for a single tank, mixed tank exchanger 
n = 1, single pass 
Effectiveness, £, for indicated capacity rate ratios, 
N C^min/Cmax 
tu 
0.0 0.2 0.4 0.6 0.8 1.0 
0.00 
0.25 
0.50 
0.000 
0.200 
0.333 
0.000 
0.192 
0.313 
0.000 
0.185 
0.294 
0.000 
0.179 
0.278 
0.000 
0.172 
0.263 
0.000 
0.167 
0.250 
0.75 
1.00 
1.25 
0.429 
0.500 
0.556 
0.395 
0.455 
0.500 
0.366 
0.417 
0.455 
0.341 
0.385 
0.417 
0.319 
0.357 
0.385 
0.300 
0.333 
0.357 
1.50 
2.00 
3.00 
0.600 
0.667 
0.750 
0.536 
0.588 
0.652 
0.484 
0.526 
0.577 
0.441 
0.476 
0.517 
0.405 
0.435 
0.469 
0.375 
0.400 
0.429 
4.00 
6.00 
10.00 
0.800 
0.857 
0.909 
0.690 
0.732 
0.769 
0.606 
0.638 
0.667 
0.541 
0.566 
0.588 
0.488 
0.509 
0.526 
0.444 
0.462 
0.476 
CO 1.000 0.833 0.714 0.625 0.556 0.500 
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Figure 10. Heat transfer effectiveness, e, as a function of 
number of heat transfer units, Nj-u» and capacity-rate 
ratio, for a single tank, mixed tank ex­
changer 
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Development of Design Equations for a Multipass Mixed 
Tank Exchanger 
Configuration 
Kays and London (1964) present solutions in algebraic form for the 
effectiveness of any multipass overall-counterflow heat exchanger with 
the fluids completely mixed between passes and with any configuration 
within a pass. Their solution requires that the operating conditions 
at the inlet, the outlet, and the between-pass states correspond to true 
counterflow conditions. It is not necessary that the operating condi­
tions within a pass be true counterflow; they can, in fact, be any 
configuration. Kays and London (1964) did not give the solution in the 
case where the tanks were completely mixed. Their solution can be 
used, however, to determine the effectiveness of the multipass complete 
mix exchanger, since a complete mixed tank does meet the condition that 
the fluids are completely mixed between passes. To use their solution 
it was necessary to determine the effectiveness of each pass. This was 
done in the previous section, where the effectiveness of a complete mix 
exchanger was determined for the single tank case. It is then only 
necessary to substitute the results of the single tank derivation into 
Kays and London's solutions to obtain the solution to a multipass com­
plete mix exchanger. Figure 11 shows a three pass (tank), multipass, 
mixed tank exchanger. 
Kays and London (1964) assumed the effectiveness of each pass was 
equal to every other pass and that the total was equally divided 
ÙOLX? njLHD 
OJT 
wcn- RJUD 
tKi 
IMSUL-ûOT&D 4:^PNTAINEF\ 
\ \  \  \  W N n w W N W  
4. 
\ \ \ \ 
Me, 
4r 
BOOMDAf^ V PUKTE M4C? HEZCT -ÏKANSFEm. 
NTERXOR aoUMDAkPWBS WlTVA UPPBFS 
FLCW Fa.-a&û-C^ fe^  
\ 
CkPLP PLUP 
IN 
a\ 
\ Ukrr FLUip 
^ our 
Figure 11. Top view of a multipass, mixed tank, exchanger 
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between passes- This required each tank to be identical. Their solu­
tion was obtained by use of the operating-line-equilibrium-line 
representation and gave (see Kays and London for the complete deriva­
tion : 
General solution 
£ = the exchanger effectiveness of each pass (tank) as determined 
e 
•p min max 
[41] 
p min max 
min 
max 
where 
P 
both by the N tu,p of that pass (tank) and the basic flow 
configuration of the pass (tank). It is convenient to use 
the entire area of the heat exchanger to calculate and to 
consider the number of transfer units for the individual pass 
(tank) as given by ^ = N^^/n 
n = number of passes (tanks) 
N 
t u , p  
= number of transfer units for the pass (tank) as given by 
e = overall exchanger effectiveness 
mm 
Equation 41 becomes indeterminate for the case of C . /C = 1. 
mm max 
Kays and London (1964) applied L*Hospital's rule and obtained: 
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ne 
E 2  [42 ]  
1+ (n- l)Ep 
for the case when C . /C = unity. 
min max 
Equations 41 and 42 are general equations presented by Kays and 
London for any multipass, overall-counterflow heat exchanger with fluids 
completely mixed between passes and with any configuration within a 
pass. For the multipass, mixed tank exchanger, the effectiveness of 
each pass must be determined and substituted into equations 41 and 42. 
The effectiveness of each pass was given previously as: 
e = ~  ^ [43] 
max 
In the previous section n was always equal to one. In the multi­
pass case, n does not need to be equal to one, making it necessary to 
distinguish between the effectiveness of a pass and the overall ex­
changer effectiveness. To do this, equation 40 was rewritten as: 
% - —] f"' 
where 
£ = effectiveness of each pass 
P 
= number of transfer units for the pass as given by N /n tu,p " ° ^ tu 
C . = smaller of the C, and C magnitudes 
mxn h c ° 
C = larger of the C, and C magnitudes 
m a x  °  h e ®  
n = number of passes (tanks) 
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Design tables and curves 
Equation 43, when substituted into equation 41, gives the effective­
ness of the multipass mixed tank exchanger when C . /C is not equal 
mxn max 
to one. When C , /C is equal to one, equation 43 should be sub-
min max ^ 
stituted into equation 42. Tables 2 through 8 tabulate e as a function 
of the number of heat transfer units, for capacity-rate ratios of 
from zero to unity, using equations 41 through 43. Figures 12 through 
17 are plots of effectiveness versus the number of heat transfer units, 
and number of passes (tanks), n, for capacity-rate ratios from 
zero to unity, as determined using equations 41 through 43. Note that 
the tables and graphs were determined based on the overall area and the 
overall average U, to determine N , i.e. the N is based on the 
tu tu 
overall heat exchanger, not the individual pass. 
Use of the Design Equations, an Example 
Example statement 
The following example is included to clarify the use of the pre­
ceding equations and graphs. The heat exchanger in the example was a 
multipass complete mix exchanger composed of three tanks. Sufficient 
agitation baffling was provided to ensure no short circuiting took 
place. The heat transfer coefficients were known and the following 
illustrative questions were asked: 
1) What was the overall effectiveness of the exchanger? 
2) What were the outlet temperatures of the hot and the cold 
stream? 
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Table 2. Overall exchanger effectiveness, e, as a function of 
number of heat transfer units, Ntu» and number of 
passes (tanks), n, with capacity-rate ratio, Cmin/Cmax» 
equal to 0.0 for a multipass mixed tank exchanger 
C . /C =0.0 
mm max 
\u 
£ for indicated number of passes, n 
1 2 3 5 10 100 
0.00 
0.25 
0.50 
0.000 
0.200 
0.333 
0.000 
0.210 
0.360 
0.000 
0.213 
0.370 
0.000 
0.216 
0.379 
0.000 
0.219 
0.386 
0.000 
0.221 
0.393 
0.75 
1.00 
1.25 
0.429 
0.500 
0.556 
0.471 
0.556 
0.621 
0.488 
0.578 
0.648 
0.503 
0.598 
0.672 
0.515 
0.614 
0.692 
0.526 
0.630 
0.711 
1.50 
2.00 
3.00 
0.600 
0.667 
0.750 
0.673 
0.750 
0.840 
0.704 
0.784 
0.875 
0.731 
0.814 
0.905 
0.753 
0.838 
0.927 
0.774 
0.862 
0.948 
4.00 
6.00 
10.00 
0.800 
0.857 
0.909 
0.889 
0.938 
0.972 
0.921 
0.963 
0.988 
0.947 
0.981 
0.996 
0.965 
0.991 
0.999 
0.980 
0.997 
1.000 
CO 1.000 1.000 1.000 1.000 1.000 1.000 
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Table 3. Overall exchanger effectivenesss, E, as a function of 
number of heat transfer units, N^u, and number of 
passes (tanks), n, with capacity-rate ratio, Cmin/Cmax» 
equal to 0.2 for a multipass mixed tank exchanger 
C . /C = 0.2 
mm max 
%tu 
£ for indicated number of passes, n 
1 2 3 5 10 100 
0.00 
0.25 
0.50 
0.000 
0.192 
0.313 
0.000 
0.204 
0.343 
0.000 
0.208 
0.354 
0.000 
0.211 
0.364 
0.000 
0.214 
0.372 
0.000 
0.216 
0.380 
0.75 
1.00 
1.25 
0.395 
0.455 
0.500 
0.443 
0.518 
0.576 
0.462 
0.544 
0.607 
0.479 
0.566 
0.635 
0.492 
0.585 
0.658 
0.505 
0.603 
0.680 
1.50 
2.00 
3.00 
0.536 
0.588 
0.652 
0.622 
0.690 
0.771 
0.657 
0.732 
0.819 
0.689 
0.769 
0.861 
0.715 
0.799 
0.893 
0.741 
0.828 
0.923 
4.00 
6.00 
10.00 
0.690 
0.732 
0.769 
0.818 
0.868 
0.909 
0.868 
0.917 
0.954 
0.909 
0.954 
0.982 
0.939 
0.977 
0.995 
0.965 
0.992 
1.000 
CO 0.833 0.968 0.994 1.000 1.000 1.000 
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Table 4. Overall exchanger effectiveness, e, as a function of 
number of heat transfer units, Ntm and number of 
passes (tanks), n, with capacity-rate ratio, Cmin/Cmax, 
equal to 0.4 for a multipass mixed tank exchanger 
C . /C = 0.4 
mm max 
\u 
£ for indicated number of passes, n 
1 2 3 5 10 100 
0.00 
0.25 
0.50 
0.000 
0.185 
0.294 
0.000 
0.198 
0.327 
0.000 
0.202 
0.340 
0.000 
0.206 
0.350 
0.000 
0.209 
0.359 
0.000 
0.212 
0.367 
0.75 
1.00 
1.25 
0.366 
0.417 
0.455 
0.417 
0.484 
0.535 
0.438 
0.512 
0.568 
0.456 
0.536 
0.599 
0.471 
0.556 
0.623 
0.485 
0.576 
0.648 
1.50 
2.00 
3.00 
0.484 
0.526 
0.577 
0.575 
0.634 
0.706 
0.614 
0.681 
0.761 
0.648 
0.722 
0.811 
0.677 
0.757 
0.851 
0.705 
0.791 
0.890 
4.00 
6.00 
10.00 
0.606 
0.638 
0.667 
0.748 
0.794 
0.833 
0.808 
0.858 
0.900 
0.861 
0.913 
0.952 
0.903 
0.952 
0.983 
0.940 
0.981 
0.998 
CO 0.714 0.897 0.961 0.994 1.000 1.000 
74 
Table 5. Overall exchanger effectiveness, e, as a function of 
number of heat transfer units, N^u» and number of 
passes (tanks), n, with capacity-rate ratio, Cmin/Cmax, 
equal to 0.6 for a multipass mixed tank exchanger 
C . /C = 0.6 
mxn max 
N 
tu 
E for indicated number of passes, n 
1 2 3 5 10 100 
0.00 
0.25 
0.50 
0.000 
0.179 
0.278 
0.000 
0.192 
0.312 
0.000 
0.197 
0.326 
0.000 
0.201 
0.337 
0.000 
0.205 
0.346 
0.000 
0.208 
0.355 
0.75 
1.00 
1.25 
0.341 
0.385 
0.417 
0.394 
0.453 
0.498 
0.415 
0.482 
0.533 
0.434 
0.507 
0.564 
0.450 
0.528 
0.590 
0.465 
0.549 
0.616 
1.50 
2.00 
3.00 
0.441 
0.476 
0.517 
0.533 
0.584 
0.646 
0.573 
0.632 
0.704 
0.609 
0.676 
0.758 
0.639 
0.713 
0.803 
0.669 
0.750 
0.848 
4.00 
6.00 
10.00 
0.541 
0.566 
0.588 
0.682 
0.722 
0.758 
0.747 
0.793 
0.834 
0.806 
0.858 
0.903 
0.855 
0.911 
0.954 
0.903 
0.957 
0.990 
CO 0.625 0.816 0.901 0.967 0.998 1.000 
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Table 6. Overall exchanger effectiveness, e, as a function of 
number of heat transfer units, and number of 
passes (tanks), n, with capacity-rate ratio, Cmin/Cmax' 
equal to 0.8 for a multipass mixed tank exchanger 
C . /C = 0.8 
mm max 
N 
tu 
e for indicated number of passes, n 
1 2 3 5 10 100 
0.00 
0.25 
0.50 
0.000 
0.172 
0.263 
0.000 
0.187 
0.298 
0.000 
0.192 
0.312 
0.000 
0.197 
0.325 
0.000 
0.200 
0.334 
0.000 
0.204 
0.344 
0.75 
1.00 
1.25 
0.319 
0.357 
0.385 
0.372 
0.425 
0.465 
0.394 
0.454 
0.499 
0.414 
0.480 
0.531 
0.430 
0.502 
0.558 
0.445 
0.523 
0.584 
1.50 
2.00 
3.00 
0.405 
0.435 
0.469 
0.495 
0.540 
0.593 
0.535 
0.587 
0.650 
0.571 
0.631 
0.704 
0.602 
0.669 
0.751 
0.633 
0.706 
0.799 
4.00 
6.00 
10.00 
0.488 
0.508 
0.526 
0.624 
0.658 
0.688 
0.687 
0.728 
0.765 
0.748 
0.796 
0.839 
0.800 
0.855 
0.903 
0.853 
0.914 
0.863 
oo 0.556 0.738 0.827 0.911 0.977 1.000 
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Table 7. Overall exchanger effectiveness, t, as a function of 
number of heat transfer units, N^u» and number of 
passes (tanks), n, with capacity-rate ratio, Cmin/Cmax, 
equal to 1.0 for a multipass mixed tank exchanger 
C . /C = 1.0 
mm max 
%tu 
£ for indicated number of passes, n 
1 2 3 5 10 100 
0.00 
0.25 
0.50 
0.000 
0.167 
0.250 
0.000 
0.182 
0.286 
0.000 
0.187 
0.300 
0.000 
0.192 
0.313 
0.000 
0.196 
0.323 
0.000 
0.200 
0.332 
0.75 
1.00 
1.25 
0.300 
0.333 
0.357 
0.353 
0.400 
0.435 
0.375 
0.429 
0.469 
0.395 
0.455 
0.500 
0.411 
0.476 
0.526 
0.427 
0.498 
0.552 
1.50 
2.00 
3.00 
0.375 
0.400 
0.429 
0.462 
0.500 
0.545 
0.500 
0.545 
0.600 
0.536 
0.588 
0.652 
0.566 
0.625 
0.698 
0.596 
0.662 
0.744 
4.00 
6.00 
10.00 
0.444 
0.462 
0.476 
0.571 
0.600 
0.625 
0.632 
0.667 
0.698 
0.690 
0.732 
0.769 
0.741 
0.789 
0.833 
0.794 
0.850 
0.901 
CO 0.500 0.667 0.750 0.833 0.909 0.990 
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Table 8. Prototype orifice flow rates 
Orifice Orifice Mass flow 
number diameter rate 
mm kg/s 
C-6 2.36 14.15 x 10-3 
H-6 2.36 16.08x10"^ 
C-8 3.34 22.09x10"^ 
H-8 3.34 22.53x 10"^ 
C-12 4.72 53.96x 10"^ 
H-12 4.72 49.93x 10"^ 
C-17 6.68 99.67 x 10"^ 
H-17 6.68 98.39x10"^ 
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Figure 12. Heat transfer effectiveness, £, as a function of 
number of heat transfer units, and capacity-
rate ratio, Cmin/^Tnav equal to 0.0 for a multi­
pass mixed tank exchanger 
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Figure 13. Heat transfer effectiveness, £, as a function of 
number of heat transfer units, Nt;u, and capacity-
rate ratio, Cmin/Cmax equal to 0.2 for a multi­
pass mixed tank exchanger 
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Figure 14. Heat transfer effectiveness, E, as a function of 
number of heat transfer units, and capacity-
rate ratio, Cjjiin/Cjjiax equal to 0.4 for a multi­
pass mixed tank exchanger 
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Figure 15. Heat transfer effectiveness, £, as a function of 
number of heat transfer units, and capacity-
rate ratio, Cujiij/^max equal to 0.6 for a multi­
pass mixed tank exchanger 
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Figure 16. Heat transfer effectiveness, e, as a function of 
number of heat transfer units, and capacity-
rate ratio, 
pass mixed tank exchanger 
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Figure 17. Heat transfer effectiveness, e, as a function of 
number of heat transfer units, and capacity-
rate ratio, Cmin/Cmav equal to 1.0 for a multi­
pass mixed tank exchanger 
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3) What was the effectiveness of each pass (tank)? 
4) Does the graphical solution compare with the equations? 
5) What was the area of heat exchanger needed to increase the 
cold outlet temperature to 24.0°C while still keeping a 3 tank design? 
6) What would be the effect of using a 10 tank design to achieve 
a cold outlet temperature of 24.0°C. 
The following information is given and would need to be determined 
in an actual design situation: 
Cold influent material = manure 
Cold influent temperature, T , = 10°C 
c, in 
Cold influent flow rate, m^ = 0.100 kg/s 
Cold influent specific heat, C = 4178 J/kg-°C 
2 Cold side convective heat transfer coefficient, h^ = 500 W/m -°C 
Cold side fouling coefficient, h, = 1500 W/m^-°C 
QC 
Hot influent material = digester effluent 
Hot influent temperature, T, . = 35°C 
h,in 
Hot influent flow rate, = 0.080 kg/s 
Hot influent specific heat, C^^ = 4178 J/kg-°C 
2 Hot side convective heat transfer coefficient, h^ = 700 W/m -°C 
2 
Hot side fouling coefficient, h,, = 2000 W/m -°C 
da 
Boundary plate material = pure aluminum 
Boundary plate thickness = 2.00 mm 
2 
Boundary plate thermal conductivity = 204.2 W/m -°C 
Overall heat transfer surface dimensions of boundary plate = 3.0 m 
long X 1.0 m flow height 
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2 Overall heat transfer area - 3.0 m 
General calculations 
Capacity rates To answer the questions asked, a number of cal­
culations were made. First, the capacity rates were determined. The 
capacity rate for the hot fluid was found from: 
Ch = (^hCph) [20] 
= (0.080 kg/s)(4178 J/kg-°C) 
= 334.2 J/s-°C 
Similarly for the cold stream: 
Cc = ("cCp,; [21] 
= (0.100 kg/s)(4178 J/kg-°C) 
= 417.8 J/s-°C 
C . is the smaller of the two, or C . = 334.2 J/s-°C, and C . / 
mm mm mm 
C = 334.2/417.8 or 0.800. 
max 
The maximum heat transfer rate was given by: 
^max " ^min^\,in"'^c,in^ 
\ax " (334.2 J/s-°C)G5°C-10°C)(W-s/J) 
= 8355 W 
Overall conductance The overall conductance for heat transfer 
based on the hot side was found from: 
Since the area of the hot side, A^, the area of the cold side, A^, and 
2 
the average wall surface area, A were all equal to 3.0 m , it did not 
w 
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matter on which area U was based. 
1 ^ m"-°C m^-°C (2x 10"^m)m-°C m"-°C mT-'C 
U 700 W 2000 W 204.2 W 500 W 1500 W 
U = 217.2 W/m^-°C 
Number of transfer units, The number of heat transfer 
units, N were determined : 
tu 
N = UA/C . 
tu mxn 
= (217.2 W/m^-°C)(3.0 nf)(s-°C/334.2 J)(J/W-s) 
= 1.950 
Overall effectiveness The effectiveness could now be found 
from Figure 16, which gives the effectiveness as a function of the 
number of heat transfer units, and the number of passes (tanks), 
n, with a capacity-rate ratio equal to 0.8. Enter Figure 16 at = 
1.95 and draw a line vertically to the intersection of n = 3, then 
move horizontally left and read the effectiveness on the left axis to 
be 0.58. The answer to question one, asking the overall effectiveness 
of the exchanger, is 0.58. 
The actual heat transfer rate can be found: 
= (0.58)0355 W) 
= 4846 W 
Outlet temperatures The rate of heat transfer in both the hot 
fluid flow and the cold fluid flow must both be equal to 4846 W. A 
heat energy balance on each yielded temperature out. For the cold 
stream: 
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4 = <=eC^c,ourt,ln> 
Solving for T ^ yields: 
c,out 
T ^ = q/C +T . 
c, out c c, in 
= (4846 J/s)(l s-°C/417.8 J) + 10°C 
= 21.60°C 
Similarly for the hot stream: 
9 - =h"h.in-\,„ut' 
^h,out = ^h,in" 
= 35°C- (4846 J/s)(l s-°C/334.2 J) 
= 20.50°C 
The answers to question 2 are: 
T ^ = 21.60°C 
CjOUt 
T^ ^ = 20.50°C 
hjout 
Effectiveness of each pass The effectiveness of each pass 
(tank), Ep, can be determined by finding the number of transfer units 
for the pass, ^ and determining the effectiveness, e^, from Figure 
16 as before, or by using Figure 10, which gives the heat transfer 
effectiveness, as a function of the number of heat transfer units, 
N , and the capacity-rate ratio, C , /C 
tu,p ' mm max 
The number of heat transfer units for the pass is given by N 
tu ,p 
= or; 
N = (1.950)/3 
tu,p 
= 0.6500 
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The effectiveness of each pass is determined by entering Figure 16 
at at 0.65 and drawing a line vertically to the intersection of n = 
1, then proceeding horizontally to read the effectiveness of each pass 
on the left axis to be e = 0.30. 
P 
The effectiveness can also be determined by entering Figure 10 at 
= 0.65 and drawing a line vertically to the intersection with the 
line C . /C =0.8, then proceeding horizontally to read the effec-
min max 
tiveness of each pass to be = 0.30, which is the answer to question 
3. 
Check of solutions The graphical solution can be checked by 
equation. The N has already been found to be 0.650. The effec-tu,p 
tiveness of each pass, £ can be found from: 
P 
^p " (^tu,D) ^1 + N +N~ (C . /C y) 
tu,p tu,p mm max 
(0.650) (2 + 0.650+ (0.650)(0.800)^ 
0.300 
The overall effectiveness £ can be found from: 
[C " " - 1 j 
p(^min/^max)j ^  
P- (0.300) (0.8)^ ^ J 1 - 0.300 / J 
r/l-(0.300)(0.8)\ 3 _ ^ 1 
W 1 - 0.300 / J 
£ = ^ [41] 
= 0.58 
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The effectiveness, £, by equation is 0.58. This is the same 
effectiveness determined by using the graphs, which answers question 
4. 
Area needed The first step in determining the area of heat 
exchanger needed to increase the cold water outlet temperature was to 
determine the new heat transfer rate q needed. This was determined by 
the relationship: 
' • 134=] 
= (417.8 J/s-°C)(24°C-10°C) 
= 5849 J/s 
The effectiveness was found from: 
= = 134: 
= 5849/8355 
= 0.700 
The number of transfer units required N can now be found from tu 
Figure 16, which gives the effectiveness, £, as a function of and 
number of passes (tanks), n, with a capacity-rate ratio equal to 0.8. 
Enter Figure 16 at e = 0.70 and draw a line horizontally to the intersec­
tion of n = 3, then drop vertically to read the on the horizontal 
axis to be 4.5. 
The required area can be calculated by solving equation 38 for A: 
- VA/S.1. '38] 
A • N C . /O 
tu mm 
= (4.5)(334.2 J/s-°C)(l mf-°C/217.2 W) 
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= 6.92 
2 
The answer to question 5 is that an area of 6.92 m is necessary 
to raise the cold fluid outlet temperature to 24.00°C. This is over 
twice the heat exchanger surface area needed in the original problem. 
Effect of ^  tank design Another way to increase the cold 
fluid outlet temperature is to increase the number of tanks. The 
effectiveness needed to increase the cold fluid outlet temperature to 
24.00°C was 0.70. The horizontal line on Figure 16 at £ = 0.70 gives 
possible solutions which would yield an effectiveness, E, of 0.70. 
For example, if the number of passes, n, is ten, the required is 
2.3. Solving equation 38 for the area yields: 
A = N C . /U 
tu mm 
= (2.3) (332.2 J/s-°C)(l nf-°C/217.2 W) 
= 3.54 m^. 
Using ten passes instead of three passes reduces the area required 
2 2 from 6.92 m to 3.54 m . Using more passes increases the possibility 
of plugging in the exchanger and makes the exchanger more difficult to 
clean. 
Note that Figure 16 only shows 1, 2, 3, and 10 passes. Other 
pass numbers could be used, either by interpolation from the Figure, 
or by use of the equation to extend the graphs given, or by trial and 
error solution of the equations. In the same way, when a graph is not 
given for a needed value ofC . /C the solution can be determined by 
° mxn max' 
interpolation, new graphs, or by trial and error solution. 
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Development of Equations to Determine U 
Reason for development 
Equations 41 to 43 developed in previous sections are primarily 
for design use: they give the effectiveness of an exchanger in terms of 
known parameters of area, flow rates, and thermal conductance. In an 
operating situation the thermal conductance, U, may not be known. This 
section solves equations 41 to 43 for the overall thermal conductance. 
Manipulation of equations 
Equation 41 can be rewritten as : 
£ = (X- 1)/(X-M) [44] 
where 
M = C . /C 
mm max 
X = ((1- £ M)/l - e ))" 
P P 
Equation 44 can be solved for X to yield : 
X = (EM- l)/(e- 1) [45] 
Substituting the expression for X back into equation 45 and mul­
tiplying by 1/n yields: 
(1- E M)/(l-E ) = ((EM-1)/(E-1))1/" [461 p p 
This equation can be represented as: 
(1- e M)/(l- e ) = Y [471 
P P 
where 
Y = ((EM- 1)/(E-1))1/* 
Solving equation 47 for Ep gives: 
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= (Y-1)/(Y-M) [48] 
The effectiveness of each pass, is also given bv equation 40. 
Rewritten, this is: 
Ep - (Kcu.p)/(l + «cu.p + Ktu.pM) [«1 
where 
M = C . ,C 
min/ max 
Equation 48 and 49 can be equated to yield: 
<''tu.p>'"-'\u.p + ''tu,p« - (501 
Solving equation 50 for ^ yields: 
Ntu,p = (Y-1)/(1-YM) [51] 
This can be expressed as : 
= (Y-l)(n)/(l-YM) [52] 
where 
\u " ("tu.p'f"' 
n = number of passes 
General solution 
Substituting UA/C . for N and solving for U yields: 
mm tu o J 
U = (Y-l)(C^^^)(n)/(l-YM)(A) [53] 
Equation 53 can be used to determine the overall thermal conduc­
tance, U, in an operating multipass mixed tank exchanger. It was 
developed from equations 41 and 43. Equation 41 required that C 
C not be equal to one, so equation 53 is not valid then C . /C 
max mxn max 
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equals one. 
For the special case of C . /C equal to one equations 42 and 43 
mm max 
must be used. Equation 32 can be expressed in terms of as: 
S " (N^ynVd + N^^/n +N^^M/n) [54] 
where 
/n tu,p tu' 
M = C . /C 
mxn max 
When C . /C equals one, M is equal to one. Substituting M 
mm max " 
equal to one in equation 54 yields: 
£p = (N^yn)/(l + 2N^^/n) [55] 
Substituing equation 55 into equation 43 and solving for yields; 
= (—£n) / ( £ + £n — n) 156] 
Substituting UA/C^^^ for into equation 56 yields: 
U= (-C . en)/(A(e+en-n)) [57] 
mm 
Equation 57 can be used to determine the overall thermal conduc­
tance, U, in an operating multipass complete mix exchanger. It was 
developed from equation 42 and 43 and thus requires that C . /C be 
mm max 
equal to one. 
Air Agitation Equations 
Pes ign 
Nagata (1975) summarized the literature in gas sparging. Liquid 
agitation by gas sparging is sometimes used to handle corrosive liquids, 
and in operations at high temperatures and pressures. Nagata noted 
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that it is also used in handling high percent solid slurries in the 
chemical industry, where it is sometimes more convenient that mechan­
ical agitators. It has not been used to augment heat transfer in 
closed heat exchangers because it is difficult to introduce and remove 
the gas. 
To design sparging systems, the bubbles should be effective. 
Nagata gives guidelines and equations for use. Quoting Nagata (1975): 
"From observations, there are knc.-Tn to be three steps in bubble 
generation. 
1. Gas bubbles show the shape of separate spheres. 
2. Time intervals of generation of gas bubbles become short and 
groups of bubbles rise apparently composing a cylindrical column in 
the liquid. 
3. Gas bubbles discharged from a nozzle are broken up into 
smaller bubbles and rise in the liquid in turbulent motion. 
Step 1 corresponds to the state of bubble formation in a period 
of 0.6 seconds. In step 2, bubbles take a flattened mushroom form. 
The ascending velocity of bubbles increases gradually, and tends to a 
constant value, 0.43 m/s, when the bubbles rise 7 cm or more away from 
the nozzle. 
"This terminal velocity is approximately 4 times as large when 
compared with that of a single bubble. When the discharge gas flow 
rate is increased further, gas bubbles begin to split and step 3 
takes place. The transition from step 2 to step 3 takes place 
abruptly with a small difference in pressure. 
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"The relationship between air flow rates, Q, and pressure drop, 
P, at the discharge nozzle" is shown in Figure 18. "In the range AB, 
splitting of the gas bubbles is not taking place ("steps 1 and 2), and 
the range BC corresponds to step 3. Nozzles of smaller diameter 
require larger pressure to discharge equal volumes of air, but the dis­
charge flow rate (Q^) at the critical point (B) from the region 2 to 3 
is small when the nozzle diameter is small. 
"Quantity, 0^ , is not affected as much by the density and vis­
cosity, and is almost determined by the nozzle diameter, d^. 
"The Reynolds number, Q /d V . at this critical flow rate is cal-
c o air 
culated to be 210- 250, where v . is the kinematic viscosity of air. 
air 
"The air discharge flow rate which is important for the design of 
gas absorbers is calculated from the following equation for the region 
of gas splitting: 
For high viscosity liquids : 
Q/d^ = 10.5(a.g'd^/pv2)0'48(pd^/2)0.75 [sg] 
For low viscosity liquids: 
Q/d^  =  21 (G 'g ' d^ /pv2)0 '48 (p . a^ /o )0 .65  [59 ]  
where 
2 
P = pressure drop in nozzle (kg/m ) 
a = surface tension (kg/m) 
3  Q = gas discharge flow rate (m /sec) 
3  p = density (kg/m ) 
d = nozzle diameter (m) 
o 
2 
V = kinematic viscosity Cm /sec) 
96 
3 -
6 
O 
X 
c 
n 
o 
•H 4-1 
Cï 
O 
eu 
o 
Pressure difference at nozzle: AP (kg/m ) 
Figure 18. Air pressure and rate of agitation (Nagata, 1975, p. 360) 
(1)  = 0.90 mm 
(2) d = 0.57 mm 
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Note that non-SI units are used for pressure in equations 58 and 
59. 
Nagata does not indicate the criteria used to determine if the 
liquid is of high or low viscosity. 
Equation 58 for low viscosity liquids can be solved for d and 
o 
yields : 
-0.48 -0.65 1/2.13 
dn = (QCj) (-) ) [60] 
The above equation can be used to determine the nozzle diameter 
needed when the other factors are known. 
Equation 59 for low viscosity liquids can be solved for P and 
yields : 
1/0.65 j -0.74 
o o 
Nagata also summarized the mixing power for air agitation. A 
given volume of air under pressure contains an amount of energy from 
which useful work may be obtained. Gas bubbles expand while they rise 
in a liquid and they give up their energy to the surrounding liquid. 
The derivation to determine the work done assumes that the expansion 
of the air in the vessel of fluid is isothermal, and that the analysis 
can start with air at the tank bottom. Nozzle and jet effects, and 
the kinetic energy of the entering air are ignored. 
The power transmitted by the gas, P, when the gas is assumed to 
obey the ideal gas law is shown by the following equation: 
P = P Q log 12 [62] 
Pi 
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where 
P = power, W 
2 
P^ = absolute gas pressure, N/m at the free surface 
2 
P^ = absolute gas pressure, N/m at the bottom of the vessel 
3 
= air volume rate, m /s at the free surface 
Sterbacek and Tausk (1965) gave the equation in a form which is 
sometimes more convenient: 
Pi J. YH 
P = [63] 
where 
Y = specific weight of the liquid 
H = effective depth of the vessel 
The gas pressure at the inlet orifice must exceed the gas pressure 
at the surface by at least the liquid head in the vessel. 
In a mechanically agitated tank, the mechanical energy is trans­
ferred from the impeller to the tank contents, but is restricted to 
the vicinity of the impeller, while in a vessel agitated by air, 
energy input diffuses throughout the depth of the tank. 
As gas bubbles pass through a tank, a portion of their energy 
potential is lost because of bubble slip. As the bubbles rise, fluid 
is displaced from in front of them to behind them, with resulting 
small scale turbulence and eddying. 
According to Kauffmann, as quoted in Sterbacek and Tausk (1965) 
mixing in a vessel 2.7 m deep requires the following amount of air per 
square meter of floor space: 
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for very intensive mixing 
for complete blending 
for mixing of medium intensity 
If the depth is only 1 m, the quantity listed above must be 
doubled in order to attain an equal degree of mixing. At 0.5 m, over 
double the listed rate is needed, but no value was given. Nagata also 
quoted Kauffmann, and gave the degree of agitation by air blown in 
2 
tanks per ft of cross sectional area. He used the terms moderate 
agitation, complete agitation, and violent agitation to describe the 
degree of agitation. Except for conversions to different units, 
Nagata quoted the same values. 
Sterbacek and Tausk pointed out that mixing by air is especially 
advantageous where air takes part in a reaction or is desirable 
because it promotes biological growth. Also when the mix contains 
particles which settle easily, air agitation is advantageous because 
the air lifts these particles to the surface. Sterbacek and Tausk 
noted that air mixing can be applied only to liquids with a maximum 
viscosity of approximately 200 cP, and that air agitation has a low 
mixing effect, however, adding an air lift or use of a small tank can 
increase the mixing effect. Irvine and Hartnett (1975) noted that heat 
transfer can be increased by injection of air, but that the practical 
application of injection appears to be rather limited due to the dif­
ficulty of supplying and removing the gas. Their statement referred 
to closed systems. A system with an open top and a liquid free sur­
face presents no difficulty, and in the experiments for this 
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dissertation, there was no problem agitating viscous manures. 
Power requirements 
3 2 A vessel 1 m deep requires an air flow rate of 0.4 m /min-m for 
3 
mixing of medium intensity (the lowest mixing rate given) and 2.0 m / 
2 
min-m for very intensive mixing (Sterbacek and Tausk, 1965). These 
amounts were used to determine the theoretical power input rates. 
2 
For the floor space of 0.01447 m in the laboratory equipment, 
the desired maximum air flow rate was 29 L/min. The rotameter used 
limited the maximum air flow rate to 15.0 L/min. 
Three nozzles were constructed by drilling holes in the sidewall 
of a 1/8 in nominal copper tube. The holes were drilled with a #50 
high speed drill bit with a diameter of 1.02 mm. Since three nozzles 
were used, the desired air flow rate range was divided between all 
three, and the maximum flow rate through each nozzle was 5.0 L/min. 
The Reynolds number was calculated from Q/d^V^.^ (Nagata's defi­
nition) for the minimum air flow rate used of 2.5 L/min or 0.833 L/ 
min-nozzle: 
3 
n_ _ /0.833 L% , m \>min v , 1 \/ s ^ 
min ^ 1000 1/^60 s/^1.02x10-3 m^^l.OlxlO-^ 
= 13.5 X 10^ 
The calculated Reynolds number was greater than 250 at the mini­
mum flow, therefore all flow rates were turbulent-
Thre pressure drop across the nozzle was calculated at the mini­
mum air flow rate of 0.833 L/min per nozzle to be: 
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o o 
(7.37 „) - 7.2255 kg/m^ 
. Q .1/0.65 _ , ,0.833 L> , . ,min . , s . 
M .V-21^ '•'' min ^^1000 1/^60 4.06 x 10-& 
o 
^i_))l/0.65 [62] 
= 19.4 X 10^ 
(^ ) - ((liâljLllllê) (9-805 m, ^   ^ (_S^ ) 
/ S ^ 2^ —0.74 
^ -6 2 1.06 X10 m 
= 272.6 X 10"^ 
P = (7-2255 kg)(19 4 % 10^)(272.6 x lO"*) 
m 
=38.1 kg/m^ 
= 0.37 kPa (0.05 psig) 
The pressure drop across the nozzle at the maximum air flow rate 
of 5.0 L/min per nozzle was calculated to be (using results from the 
previous calculation): 
- 1/0.65 , -0.74 
 ^ <^ > 
° ° pv^ 
- 1/0.65 , „ , 3 . 1 / Q \ / / 5.0 L.. / m V /Hiin \ , 1 \ 
M •V21'' " Il min ^^lOOO L^\60 s'^ 4.02 x 10"^ m'^ 
o 
A ,1/0.65 
' 1.06x10-6 m2 21 
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= 304.9 X 10^ 
P = (7.2255 kg/m^(304.9 x 10^)(272.6 x 10~^) 
= 600 kg/m^ 
= 5.89 kPa (0.85 psig) 
The pressure necessary to force air out of the nozzle against the 
liquid head was given by: 
P = YH [64] 
where 
P = pressure 
Y = specific weight 
H = head 
or p=(9805 ^ )(0.5m)(^^) 
m 
= 4.90 kPa (0.71 psig) 
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EQUIPMENT AND OPERATION 
Prototype Heat Exchanger 
Material Description 
The prototype heat exchanger was constructed of plyifood and gal­
vanized steel, with fiberglass and expanded polystyrene insulation. 
Overall inside dimensions of the heat exchanger tanks were 2.30 m long 
by 0.105 m wide by 1.18 m high. The tank was divided in half by a 
vertical galvanized steel plate into a hot and a cold cell. The hot 
cell and the cold cell were each 2.30 m long by 0.051 m wide by 1.18 
m high. The normal flow depth (height) was 1.00 m, with 0.018 m free­
board (Figure 19). 
The tank was constructed of plywood sides reinforced with ver­
tical wood framing members. The sides of the tank were held together 
with threaded steel rods. A plexiglass panel was installed on the 
hot side so flow patterns could be observed. 
The exchanger was insulated with 89 mm of fiberglass insulation 
between the vertical wood framing members, and the whole tank was then 
sheathed with rigid sheets of extruded polystyrene. 
The entire exchanger was built on a plywood base and placed on 
casters. 
The center plate, which formed the boundary plate heat transfer 
surface, was a single sheet of galvanized steel. It was 1.90 mm thick, 
2.44 mm long and 1.22 mm high. 
The hot water was provided by a 114 L gas water heater that was 
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connected in series to a 416 L electric water heater (Figure 20). The 
hot temperature was controlled by the existing thermostat controls on 
the water heaters. The cold water temperature was relatively uniform 
and no temperature control was provided (Figure 21). The water was 
run through the heat exchanger and then wasted to the drain. No 
attempt was made to recirculate the water. 
The orifice control inlets were composed of nominal 76 mm PVC 
pipe and fittings. Flexible hose was used for both inlet and outlet 
flows (Figure 22). 
Figures 23 and 24 are photographs of the prototype. 
Orifices 
The orifices and constant head tanks for the exchanger were 
designed using the equation (Vennard, 1961): 
Q = CA/2ih [65] 
where 
Q = flow rate 
C = a coefficient 
g = acceleration of gravity 
h = head 
A = area 
The nominal coefficient, C, for a sharp edged orifice is 0.61. 
Four flow rates were selected as representing the normal range of flow 
rates anticipated on the digester for the 60 head of beef animals and 
the orifice diameters needed were calculated using equation 65, with 
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Figure 21. Cold water flow components for the prototype heat exchanger 
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Figure 22. Constant head flow control for the prototype heat ex­
changer; the hot and cold are identical. 
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Large pipes on the left and right ends are the constant 
head flow control tanks. Insulation panels are removed and 
leaning against the right end in order to show the plexiglass 
panel in the center used for visual observation. The tempera­
ture measurement instrument on the shelf was replaced by an 
Omega. 
Figure 23. Overall view of prototype heat exchanger 
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The photograph shows the galvanized steel 
sheet in the center of the exchanger and the cold 
and hot flow passages on either side. The pipe 
at the top is the cold supply constant head tank 
and the large pipe on the far left is a discharge 
collection pipe that has the standpipes for head 
control inside. 
Figure 24. View into the prototype heat exchanger 
from the top 
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a predetermined head of 1.041 m. The orifices were then calibrated 
by weighing the water through them for a period of time. The maximum 
flow variations from experiment to experiment were less than 2%. 
Table 8 lists the orifice flow rates that were determined. 
Thermocouples 
Thermocouples were used to measure temperatures. Type T copper-
constantan thermocouple wire, a 40 point selector switch and a solid 
state instrument with digital readout were used to measure tempera­
tures. A complete description of the temperature measurement equip­
ment is given later. 
Flow rates 
The maximum flow rate through the prototype was limited by the 
heating capacity of the two water heaters operated in series. The 
maximum heating power of the two heaters was 19,000 W and the minimum 
temperature rise desired was 30°C. The maximum flow rate was found 
by rearranging equation 1 and adding a factor of safety to allow proper 
thermostat operation and mixing the water heaters and was: 
a . safety) 
= 19000 J/s)(kg-°C/4178 J)(1/30°C)(1/1.5) 
= 101 X 10"^ kg/s 
The largest orifice gave a flow rate of 99.67 x 10 ^ kg/s, which 
was close to the maximum flow rate possible with 19,000 W of heating 
capacity. 
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The minimum flow rate was selected as 14 x10 ^  kg/s which was 
thought to represent the minimum flow rate that would likely be en­
countered at the beef nutrition farm digester. 
The flow rate from 60 head of 450 kg beef animals and dilution 
water was estimated at 3940 kg/day, or 45.6x10 ^  kg/s. It was felt 
that the flow rates selected would cover the range of flow rates that 
would be encountered at the farm. 
Operation of the Prototype 
The flow rates for the experiment were determined and the proper 
orifices installed. The number of tanks was determined and wooden 
baffles inserted vertically to form the tanks. Hot and cold water 
supply rates were adjusted for minimum overflow rate over the weirs 
on the constant head tanks. The temperatures were monitored and when 
all temperatures reached steady-state values, they were manually 
recorded. It required from 8 to 12 hr to reach steady-state condi­
tions. 
Operation of the prototype revealed it was not suitable for 
determination of the convective heat transfer coefficient, h. The 
effects of air agitation could not be determined because the proto­
type was insensitive to changes in h. Analysis of data collected 
from the prototype and an explanation of the inadequacies of the 
prototype are given in the section on results. 
To determine h and study the effects of air agitation, new labora­
tory equipment was designed and constructed. The description of that 
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laboratory equipment follows and the results are in the section on 
results. 
Laboratory Equipment to Determine h 
Material description 
The equipment consisted of an outer vertical pipe (152 mm diam­
eter) , which contained a fixed volume (Figure 25). A smaller pipe 
(51 mm diameter) immersed in the sample served as a heat sink. Heat 
was applied to the outside of the pipe with an electric resistance 
wire, and was transferred radially across the sample. Agitation was 
provided by air bubbled through nozzles at the bottom of the sample. 
After steady-state conditions were reached, pipe wall and fluid tem­
peratures were recorded and used to determine the convective heat 
transfer coefficient, as given by; 
h = q/A(T^-Tg) [24] 
Large amounts of insulation and an electric guard heater around 
the perimeter were used to control unwanted heat flows. Temperatures 
were measured by thermocouples attached to the pipe walls, suspended 
in the sample, and placed in various other locations. 
The materials used in constructing laboratory equipment are 
shown in Figures 26 and 27. A brief description of the materials 
corresponding to the numbering in the figures is given in this section. 
1. Nominal 38 mm copper pipe 
Type "K" hard copper pipe, outside diameter 41.28 mm, inside 
diameter 37.62 mm, wall thickness 1.83 ram. 
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On the left in the photograph is the insulated sample 
container wrapped in black plastic. The inner heat sink pipe 
is protruding from the top of the container, with hoses at­
tached for the cooling water. The wattmeter, rotary switch, 
digital temperature indicator, rotameter, pressure gauge, 
and rotary transformers are on the bench to the right. In 
the foreground is the air compressor with the two stage 
regulator at the lower left. 
Figure 25. Overall view of the laboratory equipment used to 
determine h 
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Figure 27. Top view through mid-section of laboratory 
equipment 
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2. Nominal 51 mm copper pipe 
Type "K" hard copper wire, outside diameter 53.98 mm, inside 
diameter 49.76 mm, wall thickness 2.11 mm. 
3. Sample container 
Nominal 152 mm copper pipe, government surplus "Government 
Spec." copper pipe, soft copper, outside diameter 155.58 mm, inside 
diameter 146.05 mm, wall thickness 4.78 mm, top open, bottom covered 
with a brass plate and brazed shut. 
4. Main heater 
High temperature Nichrome V resistance wire, insulated with 
ball and socket ceramic beads, rated maximum temperature 1100°C 
(from Cole-Parmer Instrument Company, 7425 North Oak Park Avenue, 
Chicago, Illinois 60648). 
5. Foil covered insulation 
Foil covered fiberglass insulation, approximately 15 mm of 
fiberglass bonded to foil backing. 
6. Interior fiberglass insulation 
2 89 mm thick fiberglass insulation with an R value of 65 m -
°C/W 
7o Outer container 
Round 14 gauge galvanized metal container, 0.91 m high, 0.31 
m diameter, with 13 mm thick by 0.31 m diameter plywood bottom. 
8. Outer container bottom 
(See outer container description.) 
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9. Guard heater 
Flexible electric heat tape, 2.5 mm wide, 9.1 m long, 500 W 
maximum at 110 V a.c., maximum temperature 480°C. 
10. Exterior fiberglass insulation 
2 89 mm thick fiberglass insulation roll with R value of 65 m -
°C/W. Compressed to 51 mm thickness. 
11. Plastic cover 
0.25 mm plastic covering wrapped around the insulation for 
moisture protection. 
12. Thermocouple bracket 
Electronic circuit PC board (phenolic) with hole punched 
every 2.54 mm on a square grid pattern. 
13. Top plate 
Plywood sheet, 13 mm thick, 0.51 m x 0.51 m square with a 150 
mm diameter hole for the sample container to protrude through. 
14. Top spacer 
Round doughnut of 51 mm thick expanded polystyrene insulation, 
outer diameter of 150 mm to fit inside sample container and inner 
diameter of 51 mm to fit over heat sink pipe. 
15. Bottom spacer 
Round doughnut of 25 mm thick expanded polystyrene insulation, 
outer diameter of 150 mm to fit inside sample container and inner 
diameter of 51 mm to fit over 51 mm heat sink pipe. 
16. Sample container bottom insulation 
Expanded polystyrene insulation, 150 mm diameter, 50 ram thick 
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in bottom of sample container, supporting and isolating heat sink pipe 
from sample container. 
17. Outer container bottom insulation 
Expanded polystyrene insulation, 0.31 m diameter, 76 mm thick 
in bottom of outer container, supporting and isolating sample container 
from outer container. 
18. Base 
Floor upon which entire apparatus rests. Made of 13 mm plywood 
sheet. 
19. Channel 
51 mm wide channel to carry away foam from center of top 
plate to edge of top plate. Formed by nailing two 25 mm by 25 mm by 
150 mm pine boards on top of top plate. 
20. Foam overflow collection pail 
Pail hung from top plate to collect foam discharged from 
sample. 
21. Tie down bolt 
Two 6.4 ram by 76.2 mm bolts, with washers and nuts, tying 
together the outer container and the top plate. 
22. Top insulation 
Foil backed fiberglass insulation, 89 mm thick, wrapped 
around top during tests. 
23. Seal 
Bead of silicone rubber sealant between sample container and 
top plate. Applied around outer diameter of 150 mm copper pipe where 
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it passes though top plate. 
24. Cooling water in 
Tap water brought in by flexible hose. 
25. Cooling water out 
Discharge line for tap water after passing through heat sink. 
26. Gas bubbler 
Constructed of nominal 3.2 mm copper refrigeration tubing, 
3.175 mm outside diameter, 0.762 mm wall, 1.651 mm inside diameter. 
Formed in 50.8 mm diameter circle to fit around nominal 51 mm copper 
pipe. Three 1.016 mm holes were drilled at 120 degrees to act as 
nozzles. 
Critical dimensions 
The critical dimensions, areas, and volumes are shown in Figure 
28. The determination of the agitation rates, and convective heat 
transfer coefficients depend upon these quantities. 
Cylindrical arrangement 
The experiments conducted using the prototype heat exchanger and 
the design equations and graphs developed for a multipass mixed tank 
exchanger indicated that it would be difficult to determine the con­
vective heat transfer coefficient, h, using a normal heat exchanger 
configuration. The large surface areas and large effectiveness ratios 
in a normal heat exchange make it relatively insensitive to changes 
in h. To increase the sensitivity of the equipment to changes in the 
h values, other designs were considered. 
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53.98 mm O.D. 
46.04 mm CLEAR 
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Figure 23. Critical dimensions, areas, and volumes for the 
laboratory equipment 
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The equipment used to measure conductivity (Tye and Hurley, 
1967; Tye, 1969) often used cylindrical configurations. The cylin­
drical arrangement offered advantages in ease of introducing and 
removing the heat from the sample, in controlling the perimeter losses 
and minimizing edge effects. For determination of the convective heat 
transfer coefficient, h, the cylindrical arrangement offered the same 
advantages. 
The cylindrical arrangement is not the same physical configura­
tion that would be used in practice where the heat exchanger would 
consist of a flat vertical plate, with the hot effluent and the cold 
manure flowing on opposite sides of the plate. Vertical flat plates 
of the same height to be used in an exchanger would be the most 
realistic configuration for determining the convective heat transfer 
coefficient of the sample and for studying the effect of air agita­
tion on the coefficient. The advantages of the circular design out­
weighed the need for a geometrically similar configuration. 
To accurately measure convective heat transfer coefficients, the 
total heat transfer surface should be small. It is easy to obtain a 
small surface in a cylindrical configuration by using a small diameter 
pipe in the center. Tall vertical flat plates of small area have a 
relatively large perimeter in relationship to their area, compared to 
the cylindrical. Uncontrolled perimeter losses for flat plates would 
be large, making it difficult to insulate to control the losses with 
guard heaters. In a circular configuration the perimenter losses can 
be reduced by insulation and a guard heater. 
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Another advantage to a cylindrical arrangement is the ease of 
construction. Standard sections of copper pipe were used throughout, 
and required no special construction. Flat plate design would require 
special fabrication to form a boxlike container with a uniform tem­
perature heat sink, and heat source. 
Applying the heat to the cylindrical pipe by spiral wrapping of 
the heat tape around the outer circumference was easier than applying 
heat uniformly to a flat plate. Maintaining a relatively even tem­
perature on the inner, water cooled pipe was considered easier for a 
pipe that a flat plate. Copper pipes were combined into a small heat 
exchanger that acted as a center heat sink with fairly uniform tem­
peratures (Figure 35). All of the fabrication methods considered for 
achieving a flat plate heat sink with uniform temperatures were more 
complex. 
A further advantage to the circular design was the large area 
available on the outer surface to transfer heat to the sample, thus 
reducing the surface temperatures needed and minimizing baking and 
crusting of manure on the surface. Another possible design was elim­
inated because this alternative design would have supplied heat to 
the inner cylinder and removed heat from the outer one. With heat 
transfer outward from the heater to a cooled outer container, the 
inner cylinder would not have had sufficient area to prevent high sur­
face temperatures and manure caking. 
Because the inner surface was smaller than the outer surface, a 
greater temperature drop occurred at the inner surface. This greater 
124 
difference can be measured with proportionately greater accuracy. 
One problem was encountered that would have been present in any 
vertical, unbaffled configuration. There was vertical temperature 
stratification, especially at the low air flow rates, and there were 
heat losses from the top and the bottom of the equipment. The tem­
perature stratication was considered by using a mean value for the 
temperatures derived from vertically spaced thermocouples. At higher 
air agitation rates the differences were small. The heat losses from 
the top and the bottom to the surroundings were adequately controlled 
by use of large amounts of insulation. One area, which may have con­
tributed to some error was heat transfer to the bottom of the inner 
heat sink pipe. The pipe sat on insulation, but was immersed in the 
sample. The end area of the pipe was less than 3% of the heat trans­
fer area considered, and with the insulation it was considered negli­
gible. 
Temperature measurements 
Thermocouples Thermocouples were used to measure tempera­
tures. Standard quality ANSI Type T copper/constantan solid 28 B. & S. 
gauge duplex wire as supplied by Omega Engineering Inc., One Omega 
Drive, Box 4047, Stamford, Connecticut 06907, was used. The speci­
fied limit of error was ±0.9 °C over the range -60°C to 90°C. The 
specified tolerance was ±0.75%. 
Thermocouple wire manufacturers furnish wire in matched pairs to 
conform to standard tolerances. Each strand of wire, as produced, is 
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calibrated. Selected strands of the two materials are then paired 
such that the temperature-emf relationship for each such pair does not 
deviate by more than the stated amount. Comiron tolerances are ±0.25% 
to ±0.75%, although manufacturers usually refuse to assume respon­
sibility for absolute errors smaller than a stated minimum amount, 
such as 0.05 to 8.5°C. Baker et al. (1975) indicated that the common 
tolerances are sufficient for a wide range of technical work. Of 
primary importance is that the wire is homogeneous, for it is impos­
sible to calibrate inhomogeneous wire. Baker stated that the best 
guarantee of a homogeneous wire is to buy from a reputable supplier. 
If the wire is homogeneous, it can be calibrated when extreme absolute 
accuracy is required. If only temperature differences are needed, if 
the wire comes from the same spool, and if the temperature differences 
are not large, it is not necessary to calibrate wire. 
Nylon covered wire was used for all critical measurements and it 
all came from a single continuous spool. Within the range of critical 
temperatures measured, 10°C to 40°C, the error between readings due to 
the thermocouple wire was thus probably not more than 0.2°C. When it 
was possible to do so the thermocouples were checked in an ice bath. 
It was not possible to check all of them. Those that were checked all 
read 0.0°C. A small amount of glass braid insulated wire from another 
spool was used for some non-critical temperatures, such as the air 
temperature or the temperature on the outer surface of the galvanized 
container. 
All the thermocouple junctions were field formed by baring and 
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twisting the wires and then soldering with rosin core electrical 
solder using an electric soldering iron. If greater accuracy was 
needed the use of calibrated special quality thermocouple wire should 
be considered. 
Switch Thermocouple wire was used for the leads to a 40 
position rotary switch, as supplied by Omega Engineering Inc. The 
switch was specifically designed for thermocouple use and had low 
contact resistance. The blades and contacts were constructed of 
silver and used a wiping action. Each position was double pole and 
fully insulated. 
Trendicator The thermocouple signals were processed by a 
solid-state instrument with digital readout. The instrument was an 
Omega Model 410A Trendicator with a specified accuracy of ±0.5 °C, 
resolution of 0.1°C and repeatability of ±0.2 °C. The reference 
junction was built in and stable to 0.025 degrees/degree. The speci­
fications stated it had no measurable drift with time. 
Errors Errors in temperature measurement can be described in 
several ways (Baker et al., 1975). The errors can be stated in absolute 
units defined in terms of the International Temperature Scale, they 
can be stated in relative units, or the errors in temperature can be 
stated in terms of their effect on the realization of the work. In 
this dissertation the differences between the temperatures were of 
greater interest than the quantities themselves. The instrument used 
had adequate specifications to insure that measurements of temperature 
differences could be made. Since all measurements are merely 
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imperfect attempts to ascertain an exact natural condition, the actual 
magnitude of the temperature can never be known. Hence, the actual 
error in the measurement of a quantity remains unknown. Errors should 
therefore be discussed only in terms of probabilities. In the tem­
perature measurements there were several contributing sources of 
error. Some were positive and some were negative, tending to cancel 
one another. The probable error, P, was determined from the formula 
(Baker et al., 1975): 
where 
P = probable error 
P^, Pg, Pg, ... = individual errors 
To use equation 67 it was necessary to know or estimate the in­
dividual errors. The following estimates were assumed: 
P^ = error due to the thermocouple wire = 0.1°C 
Pg = error due to the instrument resolution = 0.1°C 
P^ = error due to instrument repeatability = 0.1°C 
P^ = error due to reference junction = 0.1°C 
The errors estimated were considerably below the absolute values 
given in the specifications, but accurately reflect the instrumenta­
tion when used for determining temperature differences during a short 
period of time on a particular test. Some caution is needed, however, 
for Baker et al. (1975) stated that "the individual errors, P, are usually 
actually larger than they are assumed to be." 
The probable error of the temperature measurement equipment as 
[67] 
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given by equation 67 was 0.26°C. 
The systematic errors inherent in the means of measurement were 
critical when considering the accuracy of the convective heat transfer 
coefficient, h, determined using the laboratory equipment. Included 
in the systematic errors were errors introduced by heat conduction 
through the thermocouple leads, thermocouple design inadequacies, 
poor workmanship, and physical interference by material caught on the 
thermocouple leads. 
Errors arose from heat conduction through the thermocouple leads. 
Baker et al. (1975) noted that under conditions of high surface trans­
mission of heat the leads may function as fins where they emerge from 
the surface. If the point of such exit is near the location of the 
junction, the temperature at the point of measurement may be altered, 
so the point of emergence should be sufficiently distant from the 
junction. It is important that the conductivity immediately under the 
surface and the surface texture at the junction be altered as little 
as possible. Embedding the leads in the material being measured tends 
to minimize the disturbance of the junction temperature by conduction 
of heat along the leads. 
Thermocouples on the outer, heated surface of the 152 mm diameter 
pipe were exposed to large extremes of temperatures (Figure 29). The 
resistance heater was operated in excess of 100°C, and some of the 
leads passed through the heated area. The outer heated cylinder also 
exhibited hot spots. The thermocouples on the outer heated surface 
were attached in two ways. The thermocouple leads on the inner 
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Figure 29. Vertical thermocouple locations; all thermocouples 
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surface of the large, outer heated cylinder were epoxied to the sur­
face, and the leads passed through the sample. This method of 
attachment did not insure good thermal bonding to the pipe and it 
altered the surface texture at the junction. It was used because no 
satisfactory method of drilling and soldering on the inside of the 
large pipe had been found. The thermocouples on the outer surface of 
the large pipe were placed under screws that were threaded into the 
pipe. The screws were close to the resistance heater and the thermo­
couple readings were affected by the high temperatures. The extent of 
this was realized when the exposed length of the screws was shortened 
by filing, which reduced all the temperatures read by those thermo­
couples. 
The temperatures read by the thermocouples on the outer surface 
of the outer pipe were consistently 1.5 to 2.0°C higher than the 
temperatures determined by the thermocouples attached to the inner 
surface of the outer pipe (Figure 30). The inner surface temperatures 
were considered more representative of the actual surface temperature, 
although, as noted, they were poorly attached to the surface. The 
actual temperature of the surface was somewhere between the reported 
inner surface readings and the higher unreported outer surface 
readings. The actual temperature could be as much as 2.0°C higher 
than reported. The temperature profiles developed and the convective 
heat transfer coefficients for the outer surface are affected by this 
error, and their use should be restricted to observation of relative 
effects only. 
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The thermocouples on the inner surface of the 51 mm diameter pipe 
were placed in a hole drilled in the copper pipe and the holes were 
filled with solder which was filed smooth (Figure 30). This method of 
attachment gave a good thermal bond between the thermocouples junction 
and the metal surface. The leads passed through the sample in the 
annulus between the inner pipe and the outer pipe. The temperature 
extremes between the leads and the thermocouple junction were not 
large, usually 20°C or less, so conduction errors of the leads were 
reduced using this method. Baker et al. (1975) gave methods to esti­
mate the conduction errors. Many factors must be known or estimated 
in order to use the method, including the thermal conductivity of the 
materials, the convective heat transfer coefficients between the wire 
and the fluid, the effective contact area of the thermocouple junction 
and the surface, the effects of wire sheathing and arrangement, the 
ambient temperature that the wire passes through, and others. Many 
of these were not accurately known. An estimate of the effect was made 
using Baker et al.'s (1975) methods and equations. The estimated error 
was less than 0.01°C. The error was expected to be small due to the small 
area of the leads to conduct heat, the small surface contact area of 
the thermocouples, and the large thermal conductivity of the copper 
pipe and cooling water system. It appeared to be reasonable when 
compared with an example in Baker et al. (1975). 
Other errors arose when attempting to determine the surface tem­
perature of a metal by using a thermocouple embedded in the metal. 
Fortunately, in the experiment the conductivity of the copper was so 
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Figure 30. Typical thermocouple junction on the cold inner pipe 
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large compared to the convectlve heat transfer coefficient of the 
sample that no appreciable temperature drop occurred across the pipe. 
It was not critical whether the surface temperature or an interior 
temperature of the copper pipe was determined. For material with a 
large temperature gradient, thermocouple location would be a critical 
factor. 
There was another error in measurement of temperatures by thermo­
couples on the inner pipe. The leads came out of the pipe on the 
sample side and passed through the sample. The exposed leads and the 
soldered thermocouple junction disturbed the flow pattern in the 
sample (Figure 30). The greatest interference occurred at the most 
critical location: where the temperatures were being determined. Also 
fiber and solids caught on the leads to the extent that some thermo­
couple readings were affected and could not be used until the material 
was removed. The effects were minimized by critically analyzing the 
data. When any error occurred with the thermocouples on the cooled 
inner pipe, the thermocouples read too high. Five thermocouples were 
available for determination of the inner pipe surface temperature and 
readings that were considered too high were thrown out. No rational 
criteria were developed with respect to data that would be deleted, 
except that readings consistently and considerably above the mean were 
deleted. Unfortunately, there appeared to be real temperature fluc­
tuations in addition to the ones caused by plugging on the wires or 
improperly constructed thermocouples. 
Thermocouple design and construction were important 
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considerations for laboratory equipment used to determine convective 
heat transfer coefficients, h. Improvements in the equipment are 
needed for critical work. During the initial testing of the labora­
tory equipment, temperature differences between the thermocouples on 
the inner pipe and other temperatures were 1 to 2°C higher than antici­
pated. The temperatures on the inner pipe were not consistent when 
compared from one junction to another. The source of error was traced 
to poor workmanship. The thermocouple junctions had been constructed 
by twisting and soldering the copper and constantan wires. The junc­
tion was then inserted into a shallow hole drilled in the pipe surface 
and additional solder was used to attach the thermocouple junction to 
the pipe. While applying the extra solder to hold the junction in the 
hole, a slight amount of solder often melted the electrical insulation 
and formed a junction just outside the point where the wires entered 
the pipe. The junction outside the pipe then responded to the sample 
temperatures, while the junction inside the pipe responded to the pipe 
temperatures. During operation the sample temperature was always 
higher than the pipe temperatures, so these faulty thermocouples would 
read too high. All the tests conducted with the faulty thermocouples 
were deleted. The thermocouples were rebuilt, with the wires sepa­
rated where they entered the hole, and considerably more care taken 
when soldering them in place. Even so, some of the cold inner pipe 
thermocouples were still faulty and read high. There was enough 
duplication of thermocouples that it was not necessary to use known 
faulty thermocouples, but the experience pointed out the importance 
of proper thermocouple design and installation. 
135 
Baker et al. (1975) summarized a number of thermocouple instal­
lation methods. Thermocouples laid in grooves milled in the surface 
of the parent material have been used for measuring tube-wall tempera­
tures on heat exchangers. Embedding the leads in the material being 
measured tends to minimize the disturbance of the junction temperature 
by conduction of heat along the leads and would prevent disturbance 
of the flow patterns by the leads. Peened junctions have been used 
in boiler tubes. Two holes were drilled near each other just slightly 
larger than the thermocouple wire diameter. The wires were individ­
ually inserted into the separate holes and the material was then 
hammered lightly. The junction was formed through the parent metal 
in which the wires were thus tightly embedded. The wires could then 
be led out of the pipe in the center through the cooling water rather 
than through the sample and there would be no flow disturbance (Figure 
31). This method or one described by Baker would be preferable to the 
method used in the experiment and should be considered in future work 
(Figure 32). 
It was difficult to estimate the systematic errors introduced by 
thermocouple design inadequacies, poor workmanship, and physical inter­
ference. Every attempt was made to do a good job in constructing the 
thermocouples, to keep the thermocouples clear from debris and throw 
out readings that were obviously in error. A possibly superior design 
has been mentioned, but was not instituted. The systematic errors 
were estimated to be less than 0.5°C. This estimate was based only 
upon a limited amount of experience. 
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The total estimated error in measuring temperature differences 
between the inner heat transfer surface and the bulk fluid temperature 
of the fluid was estimated to be 0.26°C accidental error and 0.5°C 
systematic error, or a total of 0.76°C. 
Table 9a summarizes the thermocouple locations and Figure 29 
shows the relative vertical and horizontal locations of the thermo­
couples. 
Center pipe heat exchanger 
The nominal 51 mm copper pipe in the center of the samples served 
a number of purposes (Figure 33). Its surface temperature was used 
to determine the convective heat transfer coefficient, h, for the 
experiment. The pipe served as the physical support for the thermo­
couples on both its surface and for the thermocouples located in the 
sample. To hold the thermocouples in the samples, small copper tabs 
were soldered to the pipe, then PC boards with thermocouples inserted 
through the PC board holes were bolted to the tabs. This method of 
attachment slightly increased the heat transfer surface area of the 
inner pipe because the tabs functioned as fins, but their effect was 
not significant. 
The center pipe also served as a heat sink. A smaller 44 mm 
copper pipe was inserted into the 51 mm copper pipe and cold water 
was forced through the annulus between the pipes (Figures 34 and 34). 
With normal university water pressure a flow rate of approximately 
0.3 kg/s was obtained through the exchanger. No attempt was made to 
control the flow. 
139 
Table 9a. Thermocouple locations 
Distance Clockwise 
from rotary 
Number bottom Location position^ 
cm degrees 
1 5 Inner pipe, surface 180 
2 24 Inner pipe, surface 180 
3 50 Inner pipe, surface 180 
A 46 Outer pipe, outside -
5 19 Inner pipe, surface 0 
6 29 Inner pipe, surface 120 
7 19 Sample 2.5 mm out" 0 
8 19 Sample 20.3 mm out^ 0 
9 19 Sample 38.1 mm out^ 0 
10 24 Sample 2.5 mm out^ 240 
11 24 Sample 20.3 mm out^ 240 
12 24 Sample 38.1 mm out^ 240 
13 24 Sample 7.6 mm out^ 240 
14 24 Sample 12.7 mm out^ 240 
15 29 Sample 20.3 ram out^ 120 
16 39 Outer pipe, outside — 
17 21 Outer pipe, outside -
18 Air supply to nozzles -
19 Water out of exchanger -
20 Water into exchanger — 
21 61 Outer pipe, outside -
22 39 Outside ; reflective insulation -
23 24 Sample 22.9 mm out^ 240 
24 24 Sample 30.5 mm out^ 240 
25 5 Sample 20.3 mm out 0 
^The clockwise rotary are as viewed from above, with the cold 
water outlet from the heat exchanger at 0 degrees. 
^Distances out are measured from the outer surface of the 5 cm 
pipe. 
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Table 9a (cont.) 
Distance Clockwise 
from rotary 
Number bottom Location position^ 
cm degrees 
26 24 Inner pipe, surface 330 
27 24 Inner pipe surface 90 
28 35 Outside galv. container -
29 40 Outer pipe, inside -
30 20 Outer pipe, inside -
31 30 Outer pipe, inside — 
32 45 Sample 20.3 mm out^ -
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Figure 33. Nominal 51 mm pipe protruding from 
the top of the 152 mm sample container; 
sample is contained between the 
cylinders 
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The inner heat exchanger pipe made of 51 mm copper pipe 
has been removed and is laying across the bench. At the 
right end of the pipe is the sealed bottom. The 3.2 mm 
copper tubing wrapped around the right end is for agitation 
air. The thermocouples and their leads can be seen on the 
pipe. At the left end of the pipe the cooling water connec­
tions can be seen. 
Figure 34. The inner, cooled pipe heat exchanger 
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Figure 35. Heat sink details 
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The maximum temperature rise of the cooling water was determined 
by rearranging and solving equation 1 at the maximum heat input rate 
of 1000 W. This gave: 
At = q/mCp 
= (1000 J/s)(s/0.3 kg)(kg-°C/4178 J) 
= 0.80°C 
The temperature rise through the heat exchanger was larger than 
desired. Some convective heat transfer coefficients were based on 
temperature differences of less than 3°C between the bulk sample fluid 
temperature and the heat sink. Average heat sink temperatures were 
used, but with a cooling temperature rise of 0.8°C, it was possible 
that the average was in error. The maximum amount of this error was 
estimated to be 0.2°C. An increase in the flow rate would reduce the 
temperature change and decrease the estimated error. 
The thermocouples for the cooling water were attached to the out­
side of the pipe and covered with a single thin layer of pipe insula­
tion. They reflect the general temperature of the water, but are not 
considered accurate. The flow rate varied and was not controlled. 
With only a general rise of the cooling water and a general indication 
of the cooling water flow an accurate heat balance could not be per­
formed on the cooling water. A heat balance could be made with 
accurate flow and temperature measurements. This would allow a 
separate check on the rate of heat transfer and thus would give some 
indication of the magnitude of the heat losses or gains in the system. 
The accuracy of temperature measurements needed was unobtainable with 
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the equipment. 
Air agitation experiment 
Room air was pumped through a single cylinder air compressor 
rated at 2.1 standard cubic feet per minute (1 L/s) at 40 psig (275 
kPa) driven by a 3/4 HP (560 W) electric motor (Figure 36). The lower 
cutoff on the air compressor was set to 50 psig (350 kPa). The air was 
filtered and run through a two stage regulator with the second stage 
set at approximately 50 psig (350 kPa). The regulator did not hold 
a constant pressure, and cycling of the air compressor affected the 
air flow rate, so constant flow adjustments were necessary. A manu­
ally controlled needle valve was used to regulate the air flow rate, 
and the air flow was measured by a Puritan oxygen gage (rotameter), 
calibrated at 72°F (23°C) and 50 psig (350 kPa). The correction 
factor to adjust the gauge to air flow, as determined from Fischer and 
Porter Catalog lOAlOOO-77, Buyer's Guide for Rotameters, was to divide 
the flow rate shown by 1.05. It was not possible to set the air flow 
to an accuracy that would necessitate such a minor correction, and 
none was made. The pressure gauge used was a Marshalltown mechanical 
gage registering from 0-15 psig (0-100 kPa) pressure and 0-30 in Hg 
vacuum (0- 750 mm Hg). 
After pressure measurements the air still had to travel from the 
gauge through approximately 2 m of nominal 9 mm diameter Tygon tubing 
and into approximately 1 m of 3.18 mm diameter copper tubing. The 
pressure readings obtained were not good indicators of the pressure 
at the nozzle because of pressure losses between the gauge and the 
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nozzles (Figure 37). 
The nozzles were constructed by drilling holes in the copper 
tubing with the smallest drill bit available from the university 
supply services, a #60 with a diameter of 1.016 mm. 
A number of refinements should be made to the air equipment. The 
air compressor was larger than needed, both in pressure and air volume. 
A different regulator was needed with better control. A precision 
rotameter calibrated for air flow and a new pressure gauge or mano­
meter should be obtained, and corrections should be made for pressure 
and temperature. A pressure tap should be made at the nozzles with a 
separate line running to it so the supply line friction losses would 
not affect pressure readings at the nozzles. The supply line should 
be enlarged and rerouted so it would not pass through the sample and 
disturb the flow pattern. The nozzles were located next to the outer 
cylinder for one series of tests. Changing the location from the 
inner to the outer cylinder did not affect the convective heat trans­
fer coefficients. The nozzles always faced upward. Additional work 
should be done on different sizes, location and construction of the 
nozzles. 
Heat transfer measurement errors introduced by the air flow 
The rate of heat transfer either from or to the liquid by the agita­
tion air was assumed negligible during the laboratory testing due 
to the relatively low air mass transfer rate needed to agitate the 
sample. An energy balance showed that the assumption was valid: 
q = mCAT [1] 
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= (3.00 X 10"^ kg/s)(1000 J/kg-°C)(30°C)(W-s/J) 
= 9 W 
where 
m = maximum flow rate of 15 L/min at an assumed density of 1.20 
kg/m^, or m = 3.00 X 10 ^  kg/s 
AT = 30°C, estimated maximum temperature difference 
C = 1000 J/kg-°C 
Nine watts was the maximum anticipated rate of heat energy trans­
fer from the agitation air, assuming all the energy was transferred 
from the air to the liquid. The actual transfer rate would be less. 
Electrical equipment 
Two separate electrical circuits were used (Figure 38). The main 
heater circuit consisting of the university 110 V a.c. supply line fed 
into a Staco Inc., Type 2PF 1010 Variable Transformer. The trans­
former was used to vary the power output of a 10 m length of 
1500 W beaded resistance heater tape that was spiral wrapped around 
the 150 mm sample container (Figure 39). The wattage was measured 
by a YEW wattmeter Type 2041, manufactured by the Yokogawa Electric 
Works. 
The guard heater was also manually controlled through a variable 
transformer. The heater consisted of a 9 m length of 500 W flexible 
resistance wire spiral wrapped around the galvanized 0.31 m diameter 
outer container (Figure 40). 
The guard heater was operated at 20 to 100 watts when the main 
heater was operated from 175 to 1000 watts in order to equalize the 
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temperatures at the outer galvanized container and at the foil insula­
tion. 
The perimeter losses without the guard heater would not be as 
high as indicated by the guard heater inputs. The guard heater in­
troduced an elevated temperature near the outer surface, which in­
creased surface losses from the equipment. The surface losses were 
supplied by heat from the guard heater. 
A thermocouple was placed at the outer surface of the foil backed 
insulation surrounding the main heater. Another thermocouple was 
placed on the outer surface of the galvanized outer container. The 
variable transformer on the guard heater was set to maintain the same 
temperature on the outer surface of the galvanized container as on the 
foil surrounding the main heater. In this way the rate of heat flow 
either to or from the surroundings to the sample was minimized. 
Temperatures over 100"C at the foil were required to heat the 
inner surface of the sample container to 40°C. This large temperature 
drop had not been anticipated in the design of the equipment. The 
maximum temperature deemed safe in the insulation was 120°C. l-Jhen the 
temperature began to reach 120°C the rate of electrical input to the 
main heater was reduced. It had been anticipated that the limiting 
factor would be baking and crusting on the heated surface wall, not 
the temperature in the insulation. 
Between the wattmeter and the resistance heater a short length 
(about 2 m) of number 12 copper wire was used. Although there were 
some line losses, they were less than 1% at 1000 W load and they were 
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not considered. 
The wattmeter had some measurement errors. It was checked against 
a voltmeter, ammeter combination and checked within the limits of the 
reading. As ranges were switched, there were times the wattmeter 
read under 20% of full scale. Its specified error was given as ± 1 % 
of full scale, so for those readings when only 20% of full scale was 
being read, the possible error was ±5%. 
There was some drifting of the electrical equipment. This was 
due primarily to changes in line voltage delivered by the university 
power supply. Manual corrections were made to the variable trans­
former to maintain a constant wattage. 
In general, the electrical equipment functioned well. Some 
changes that would greatly increase the operating ease of the experi­
ment would include automatic control of the guard heater and a voltage 
regulator to keep the supply voltage constant. A precision wattmeter 
with greater accuracy over all the ranges anticipated would improve 
the overall accuracy of the experiment. A different heat source for 
the main heater which would conduct heat more directly to the heater 
surface would keep the outer surface cooler, and allow higher tempera­
tures to be attained on the heated surface. The guard heater func­
tioned well, but it was old and for safety reasons should be replaced 
before any further testing with the equipment. 
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Operation of the Laboratory Equipment 
The manure or effluent samples were prepared by agitating the 
material with an electric hand drill powering a propeller. The proper 
dilution was determined, and the correct amount of tap water was 
added by weight. The sample was again thoroughly mixed. The amount 
of sample (7.23 kg) to be added was then weighed out on a beam 
balance. 
The foil insulation surrounding the top of the inner pipe was 
removed, and the top spacer doughnut of polystyrene insulation was 
removed. The air agitation equipment was started to keep the nozzles 
from plugging, and the sample was poured out of a bucket into the 
sample container. The top spacer doughnut and the top foil insulation 
were replaced. 
The air flow rate was adjusted to the maximum and the water flow 
through the heat exchanger was started. The temperature measuring 
equipment was turned on, and a check was made to insure that all 
thermocouples were giving reasonable readings. An initial estimate of 
the convective heat transfer was made. This estimate was used to 
determine the maximum heat flow rate into the sample that could be used 
without causing an excessive temperature in the insulation surrounding 
the sample, or on the heated inner surface. The main heater was set 
to this heat flow rate using the variable transformer. Another esti­
mate was made for the guard heater power needed to equalize tempera­
tures in the perimeter and the guard heater was set to this value. 
The air flow rate, the wattmeter reading, and the temperatures 
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were then monitored, with air flow rates and transformer settings ad­
justed as necessary to maintain constant conditions. If insulation 
temperatures became too high the heat flow rate was adjusted. When 
the temperatures throughout were constant, all the thermocouple 
readings were recorded manually. Since the readings had a tendency 
to drift, both the highest and the lowest reading for each point were 
taken. It required from 3 to 4 hours for the equipment temperatures 
to stabilize for the first reading. 
After the first reading was taken at the maximum air flow rate, 
the second air flow rate to be tested was set. Another estimate was 
made for the convective heat transfer coefficient, this time with the 
benefit of knowing the convective heat transfer rate and the maximum 
temperatures obtained in the previous test. The second test followed 
the same procedure just described for the first test. However, only 
2 to 3 hours were necessary for the equipment temperatures to stabi­
lize because the equipment and the sample had already been warmed. 
Subsequent tests were performed in the same manner. After the 
final test was completed at the minimum air flow rate the sample was 
removed. To do this, the heaters were first disconnected. The 
temperature measuring instruments were turned off. The cooling water 
flow was shut off and the hoses were disconnected from the center 
assembly. The foil insulation surrounding the top of the inner pipe 
was removed, and the top spacer doughnut of polystyrene insulation 
was removed. The air flow was shut off, and the entire center 
assembly, consisting of the inner pipe with the thermocouples attached 
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and the air agitation pipe attached was then carefully lifted straight 
up out of the outer container, and leaned carefully against the wall 
(Figure 41). Extreme care was needed here, because the thermocouples 
that were suspended in the fluid and removed with the center 
assembly could be easily broken or disturbed. 
A pail was placed on the floor, and the rest of the equipment, 
consisting of the sample container, the outer container, and all the 
insulation surrounding the containers was carefully tilted and the 
sample was poured out into .the pail. The entire outer assembly was 
then leaned against another pail, and water spray from a garden hose 
was used to rinse out the sample container. 
The fibers that had collected on the thermocouple wires on the 
center assembly were removed, and water spray was used to clean the 
center surface. The nozzle holes were cleaned by running the drill 
bit through them with a slight air flow coming through the line. 
The outer assembly was then tilted back up into position and the 
center assembly was carefully replaced back into the sample container, 
being careful to guide the bottom into the circular hole provided 
for it at the bottom of the sample container. The water hoses were 
reconnected, and the equipment was ready for the next sample. 
Cleaning the system required approximately one hour. 
The sample that had been removed was then tested for rheological 
characteristics. A sample was taken of the material and stored in a 
refrigerator for later testing of total solids by the Agricultural 
Engineering Waste Management Laboratory. 
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Author has removed the foil insulation and 
the top spacer doughnut of polystyrene insulation 
He is holding the inner 51 mm heat sink pipe and 
preparing to remove it from the sample container. 
Figure 41. Removing the heat sink 
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The entire procedure could ideally be done in approximately 12 
hours, but usually took longer because when the equipment was left 
unattended the air flow or the wattage would drift and the test would 
need to be continued for longer than two hours to reach steady-state. 
Also, preparing and loading the samples and cleaning the equipment 
could often take longer than anticipated. 
Automatic control of air flow adjustment and voltage regulation, 
with the guard heater controlled by the temperature difference between 
the guard heater and the main heater, would greatly reduce the labor 
requirement. Automatic data recording by some type of automated 
equipment would further reduce the labor requirements, and it would 
be possible to put the entire testing procedure except for loading of 
the sample under the control of a microcomputer. 
Laboratory Equipment to Determine Rheological Characteristics 
A four speed Brookfield viscometer, model LVF (Brookfield Engi­
neering Laboratories, Inc., 204 Gushing Street, Stoughton, Mass. 
02072), with 3 bobs was used for all the tests. The large number one 
bob had a radius of 9.45 mm and an effective length of 66.0 mm when 
immersed to the top of the cylinder (Chen and Hashimoto, 1976b). The 
medium sized bob was unmarked. It had a radius of 5.13 mm and a 
length of 54.0 mm. The smallest bob used was the number three bob 
with a radius of 2.95 mm and a length of 42.9 mm. All the tests were 
performed with approximately 500 ml of sample in a 600 ml low-form 
Kimax beaker (diameter 85 mm and height 120 mm) (Figure 42). 
It was already known (Kumar et al., 1972) that the materials tested 
BERYLLIUM COPPER SPRING 
BROOKFIELD 
VISCOMETER 
MODEL LVF 
SPEEDS: 6,12,30,60 RPM 
FULL SCALE 673 DYNE»CM 
600 ml BEAKER 
500 ml SAMPLE 
BOB 
STAND 
Figure 42. Brookfield viscometer 
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could be described as either Newtonian fluids, with an equation of 
the form (Wilkinson, 1960): 
T = ut [68] 
where 
T = shear stress, force/unit area 
Y = shear rate, 1/time 
Vi = coefficient of viscosity, (force*time)/unit area 
or Power Law fluids of the form: 
T = [69] 
where 
K = consistency index, (force/area)(time)^ 
n = flow behavior index, dimensionless 
Figure 43 depicts the typical curves for a Newtonian and a Power 
Law fluid. 
The data were analyzed by evaluating the shear rate for the in­
finite cup case from (Skelland, 1967): 
where 
= bob angular velocity, radians/unit time 
T = shear stress 
The change of the angular velocity was evaluated between the 
available viscometer speeds, 6, 12, 30 and 60 rpm. The torque on the 
bob was measured as a percent of full scale torque (full scale torque 
on the instrument was 673 dyne-cm). The shear stress was then 
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SMEAR RATE, y, ^  
Figure 43. Stress vs. shear rate characteristics 
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evaluated from the relationship: 
T = T/2wLr2 [71] 
where 
T = torque 
L = effective length of bob 
r = radius of bob 
The natural logarithm of the change in the shear stress between the 
measured torques was determined. 
Log^ T vs. log^ Y was plotted and the value of K was determined 
from the intercept, and n was found from the slope. The line was 
fitted and regression coefficients were determined using the Hewlett-
Packard curve fitting routine (Hewlett-Packard, 1976). 
The difficulties inherent in measuring non-Newtonian viscosities 
with rotational viscometers were well recognized (McKennel, 1960 as 
quoted in Hyman, 1976). The difficulty was due primarily to the in­
ability to predict the shear rate on the bob of the instrument which 
corresponds to the measured torque. With non-Newtonian fluids the 
deformation properties of the fluid were important in determining the 
shear rate. Hyman (1976) noted that new instrument designs such as 
multiple spindle Couette viscometer and a continuous flow pipeline 
system have been used. Also, new data reduction methods have been 
proposed (Hyman, 1976). 
The range of shear rates which can be explored with a rotating 
bob instrument in an infinite cup liquid is limited (Skelland, 1967). 
Higher shear rates can be obtained in rotational viscometers by the 
164 
use of a smaller cup, but the particulate matter in manure limits the 
application of this method. Chen and Hashimoto (1976b) used an eight 
speed viscometer and also rotated the sample container in order to 
obtain higher shear rates of 60 s . When the rotational speed is 
too great the laminar range is exceeded (Skelland, 1967), and when the 
sample container is rotated rapidly, centrifugal force concentrates the 
solids at the outer surface of the container and away from the bob 
(Hein et al., 1978). 
Solids and stringy fibers in the samples were a problem. The 
solids quickly segregated from the liquid, and left a clear annulus 
of liquid next to the bob. The stringy fibers wrapped around the bob. 
To minimize the problem, the bob was cleaned, the sample to be tested 
was stirred, and the readings taken as soon as the material was 
tranquil. Even so, some data were not analyzed due to inconsistencies 
caused by these effects. 
Temperature has an effect upon rheological properties. Kumar et al. 
(1972) noted that the apparent viscosity of fresh manure slurry de­
creased with an increase in temperature. Chen and Hashimoto (1976a) 
observed that, in general, the waste became more non-Newtonian as 
the temperature increased, and that the apparent viscosity decreased. 
They found the effects of temperature on K were not definitive since 
two experiments showed that K increased with temperature while an 
opposite effect was noted in the two other experiments. They con­
cluded that although temperature had an effect on K and n, the effect 
was negligible on the apparent viscosity at temperatures of 10 to 25°C. 
165 
Different temperatures were reported in the rheological data for 
this experiment, because there was no one temperature that was common 
to all the experiments. Originally it had been planned to correlate 
the apparent viscosity to temperature, and the need to have one 
common temperature was not recognized. A number of the experiments 
showed that K increased with temperature, while an opposite effect was 
noted with the rest. This is the same effect that was reported by 
Chen and Hashimoto (1976a) and made it impossible to correlate the con­
sistency data with temperature. All the reported data fell within the 
range of 10 to 25°C where the effects of temperature on the apparent 
viscosity were considered negligible by Chen and Hashimoto. 
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RESULTS 
Prototype 
The prototype heat exchanger was developed to be used, with 
modifications, on the anaerobic digester on the ISU Beef Nutrition 
Farm. It was made large to handle anticipated flows. The size proved 
to be a disadvantage when using it to determine convective heat trans­
fer coefficients in the laboratory. The large heat transfer area, the 
relatively large conductive heat transfer coefficient, U, of water, 
and the limited capacity flow rate, C . , available made the heat ex-
min 
changer insensitive when used to determine the heat transfer coef­
ficients. Large areas, large heat transfer coefficients, and low 
capacity rate flows led to large values for the number of transfer 
units, Inspection of Figure 10 shows that when the is large 
a large change in is necessary to make even a small change in the 
effectiveness, i.e. the exchanger was quite insensitive to changes in 
U. The temperature differences to be measured are directly related to 
the effectiveness. 
Data from numerous experimental runs with water were collected 
and analyzed. No agitation was provided. The heat transfer was 
caused by free convective heat transfer, which was either laminar or 
turbulent, depending upon the operating conditions. 
It was planned to add agitation to the prototype while operating 
with water in the laboratory, but the convective heat transfer coef­
ficients without agitation were so high that it was not possible to 
reliably determine the convective coefficients, h. Agitation would 
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have compounded the problem. 
Considerable time had been spent during the winter of 1979 con­
structing the prototype heat exchanger and calibrating it with water. 
The calibrations were performed before the design equations for a 
completely mixed overall countercurrent heat exchanger were developed. 
Development of the equations allowed for a more meaningful analysis. 
Determination of _U 
An example taken from experimental data collected on the proto­
type showed the insensitivity of the heat exchanger for measurement 
of the conductive heat transfer coefficient. 
From test number 36, the following information was collected: 
m^ = hot flow rate = 98.39 x 10 ^ kg/s 
m^ = cold flow rate = 99.67 x 10 ^ kg/s 
T, . = hot temperature in = 43.5°C 
h,xn 
T , = cold temperature in = 15.3°C 
c,in 
T, = hot temperature out = 32.0°C 
h,out 
T ^ = cold temperature out = 25.9°C 
c, out 
2 A = heat transfer area = 2.598 m 
n = number of passes, or tanks = 1 
configuration = overall countercurrent 
agitation = none, free convection only 
Using the given information, the effectiveness and the overall 
thermal conductance of the heat exchanger was determined. After the 
overall thermal conductance of the exchanger was determined, a rough 
idea of the sensitivity was determined by arbitrarily doubling the U 
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value and observing the effects the doubling produced on the outlet 
temperatures. 
The capacity rate for the hot fluid was found from equation 20 to 
be: 
S " \%h 
= (93.89x10"^ kg/s)(4178 J/kg-°C) 
= 411.1 J/s-°C 
Similarly for the cold fluid from equation 21: 
= (99.67 X 10"^ kg/s)(4178 J/kg-°C) 
= 416.4 J/s-°C 
C . = 411.1 J/s-°C 
mm 
C . /C = 411.1/416.4 
mn max 
= 0.98727 
The maximum heat transfer rate was given by: 
m^ax " '^ min^ \,in"'^ c,in^  
= (411.1J/s-°C)(43.5°C-15.3°C) 
= 11,593 J/s 
The observed heat transfer rate was given by the average of the 
hot stream and the cold stream. The hot stream was: 
4h = Ch(Th,in-Th,out) (34b] 
= (411,1 J/s-°C)(43.5°C-32.0°C) 
= 4728 J/s 
Similarly for the cold stream: 
% - =e"c,out-^c,in> "4cl 
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= (416.4 J/s-°C)(25.9°C-15.3°C) 
= 4414 J/s 
The observed heat transfer rate was the average of the hot and 
cold rates given by: 
2 
= (4728 +4414)/2 
= 4571 J/s 
The hot and cold heat transfer rates differed from the average 
rate by 3.4%. This represents a temperature error of 0.38°C for both 
the hot and cold streams. The actual error was caused by a combina­
tion of temperature measurement errors, heat losses from the hot fluid, 
and errors in controlling the mass flow rate. The fairly large error 
illustrated the difficulty in use of a large prototype to determine 
the convective heat transfer coefficient using small temperature dif­
ferences. 
The effectiveness was given by: 
^ • ' 'W [34] 
= 4571 W/11,593 W 
= 0.39429 
The overall conductance for heat transfer was found from equation 
53: 
(1 - YM) (A) 
Substituting in values : 
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M = 0.98727 
= /(0.39429) (0.98727) - 1.^^^ 
^ (0.39429 - 1) 
= 1.00829 
Then: 
= (1.00829- 1) (411.1 j/s-°C) 
(1- (1.00829)(0.98727))(2.598 m^) 
= 288 
Note that at C . /C ratios close to one extra digits are 
mm max ° 
needed to evaluate the expressions. 
The number of transfer units was found from equation 37 to be: 
N = AU/C . 
tu mm 
= (2.598 of)(288 W/m^-°C)(°C/411.1 W) 
= 1.82 
Temperature sensitivity 
A check to determine the sensitivity of the prototype to the 
overall conductance was performed next. Doubling U gave a U = 576 
2 
W/m -°C and N doubled to 3.64. The effectiveness was found from tu 
equation 37. 
UA e = 
C . (1 + UA/C, +UA/C ) 
mm h c 
UA/C . =3.640 
mm 
UA/C^ = (576.0 W/mf-°C)(2.598 mf)(°C/411.1 W) 
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= 3.640 
UA/C = (576.0 W/m^-°C)(2.598 mf)(°C/416.4 W) 
= 3.594 
£ 3.640(^_l_2^g^Q_l_2_594) 
= 0.4421 
2 
The rate of heat transfer when U = 576 W/m -°C was determined by 
rearranging and solving equation 34: 
^ 
= (11,593 W)(0.4421) 
= 5125 W 
2 
The temperatures when U = 576 W/m -°C were determined by rear­
ranging and solving the heat energy equation and obtaining: 
• S/Cc + Tc.in 
= (5125 W) ("0/416.4 W)+15.3°C 
= 27.6°C 
Th,out = Th,in-4/Ch [34b] 
= (43.5°C) - (5125 W)(°C/411.1 W) 
= 31.0°C 
A comparison of the temperature obtained experimentally at an 
2 
overall conductance coefficient, U, of 288 W/m -®C and the tempera-
2 
tures calculated at a U value of 576 W/m -"C are shown below (Table 9a) 
Doubling the U value lowered the hot temperature out only by 1.0®C 
and raised the cold temperature out only by 1.7°C. The fall of the 
hot does not match the rise of the cold because of experimental error 
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(average values were used to calculate the experimental heat balance). 
Table 9b- Temperature sensitivity of the prototype with a 
doubling of U 
Hot temperature out Cold temperature out 
U T, T hjOut c,out 
W/m^-°C °C °C 
288 32.0 25.9 
576 31.0 27.6 
Changes needed 
The sensitivity of the prototype was inadequate to determine over­
all conductance. A one degree shift reflected a two-fold change in 
the U value. Temperatures could be measured only to ±0.76°C, which 
was not sufficiently accurate. Heat gains and losses in the proto­
type and incoming temperatures were also not controlled carefully 
enough to guarantee the temperature accuracy to the needed precision. 
The example used was for the best case, when the flow rate was at the 
highest value. At the lower flow rates the number of transfer units 
was even higher and the accuracy of determining U even lower. For 
the lowest flow rate of 14.15 x 10 ^ kg/s and U = 288 W/m^-°C, 
equalled 12.66. By the time reached 10, the effectiveness was 
nearly a constant and it was extremely difficult to determine U. Like­
wise, adding agitation to the unit would greatly increase the 
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convective heat transfer coefficient and the conductive heat transfer 
coefficient, U, which would also increase the number of heat transfer 
units, and again lower the accuracy possible in determining U. 
Inspection of Figure 10 revealed that in order to accurately determine 
the overall thermal conductance coefficient (and the convective heat 
transfer coefficient, h) the heat exchanger needed to operate at low 
values of net transfer units, N . At low values of N the effective-
tu tu 
ness (and the temperatures) would be sensitive to small changes in U, 
and an accurate determination could be made. At high values of 
as desired in operating heat exchangers, the effectiveness (and tem­
peratures) are not sensitive to small changes in U, and only rough 
estimates can be made of the U values. The number of transfer units, 
can quickly and easily be reudced by reducing the heat transfer 
area, A. 
The work with the prototype and the design equations later devel­
oped made one important point dramatically. In order to yield 
meaningful data for determination of the individual film coefficients 
from a multipass mixed tank exchanger, it is important to make the 
heat transfer area small, so the number of transfer units, is 
small. The graphs of effectiveness versus have a definite knee, 
and once the knee is passed at large values of it requires very 
careful control and instrumentation to obtain any type of meaningful 
information on the heat transfer coefficients. 
The prototype, as constructed, was not sensitive enough to deter­
mine the convective heat transfer characteristics of water. Since it 
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was a prototype for use on the Beef Nutrition farm digester it was 
desired that it have a large area, so it was not modified. 
The prototype could have been used for a rough estimate of the 
convective heat transfer coefficients of digester effluent and manure, 
because the overall conductive heat transfer coefficient, U, would 
have been lower and thus the lower. It was not used for this 
purpose, since the anaerobic digester on the ISU Beef Nutrition farm 
was not completed as of fall, 1979. It was desired that the coef­
ficients be known as soon as possible, and with more accuracy than 
possible with the prototype. 
For the preceding reasons, only limited use was made of the data 
collected from the prototype unit, and laboratory equipment was 
designed, constructed, and operated specifically to evaluate the con­
vective coefficients of manure and effluent. These results are 
reported elsewhere in the dissertation. The prototype unit was a 
valuable tool for use in development and verification of the design 
equations and graphs for a multipass mixed tank exchanger. General 
trends were evident in the prototype data which indicated that even 
when the heat exchanger was divided into more and more tanks by the 
addition of baffles, it was not performing like a true counter flow 
heat exchanger. These general trends were computer analyzed, and led 
to the design equations that were developed. The equations and the 
graphs supersede the work done on the prototype, and most of the 
data from the prototype are no longer of any practical value. 
The data verifying the effects of adding passes (tanks) to a 
175 
multipass mixed tank exchanger have value and are reported in the 
following section. 
Verification of design equations 
The prototype heat exchanger was used to verify the effect of 
adding tanks as developed in the design equations. The interior of 
the heat exchanger was divided into a number of passes or small tanks 
by inserting vertical wood baffles. 
To accurately compare the effects of adding tanks, it was neces­
sary that overall conductance coefficients did not change. The con­
ductance did change throughout the experiment as conditions were 
varied, so the following information furnishes only a general compari­
son. The main mechanism causing heat transfer was free convection of 
water. Each time the effectiveness changed, the temperatures changed. 
Natural convection is temperature dependent, both upon the tempera­
ture differences and the absolute temperature. The temperature 
measurements made were not adequate to describe the temperatures when 
a large number of passes were made. (Each pass would need a minimum 
of 9 locations; for n = 9, this would require 81 measurements.) Also, 
no adequate equation describing natural heat transfer from a hot 
fluid through a heat transfer boundary surface to a cool fluid was 
found in the literature. An average based on the convective coef­
ficient of each of the tests within the flow range being checked was 
use as the convective coefficient. 
Tests number 21, 22, 25, and 29 were used to compare the effects 
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of adding cells at the highest flow rate used in the prototype, and 
tests 19, 23, 24, and 30 were used at the moderate flow rate. Table 
10 presents the data and the summary of the calculations. The cal­
culations were performed with a programmable calculator using the same 
equations and procedures as previously given in the example for test 
number 36. 
The results are plotted in Figures 44 and 45. The experimental 
results show good agreement with the calculated values using constant 
conductive results. The results support the validity of the equa­
tions that were developed for a multipass mixed tank exchanger. 
Sample Information 
Source 
The raw manure was obtained from animals located on the ISU Beef 
Nutrition farm. The manure was collected from a solid covered con­
crete feeding floor. The animals were of approximately 400 kg and 
were being full fed on a mixture of approximately 175 kg corn stover 
silage and 480 kg high moisture corn. The feed had a considerable 
amount of long fiber. 
The digester effluent was from the model anaerobic digester on 
the ISU Beef Nutrition farm, operated by the Agricultural Engineering 
department. The digester was operated with manure from the beef 
animals previously mentioned. The manure was diluted 1 part manure 
to 3 parts water by weight. The digester was operated at a 
Table 10. Summary of selected experimental data from the prototype exchanger showing observed 
and calculated effectiveness 
Calculated Heat 
E using trans­
No. Ob­ average U fer 
Cast of T T T T Flow rate served Aver­ and the area No. Cells h,in c,in h,out c,out Hot Cold e age U given n A 
n °C °C °C °C kg/s kg/s w/m2-°C m^ 
21 1 42.7 14.3 31.4 24.8 98.39x10"^ 99.67x10"^ 0.386 180 0.349 2.598 
22 2 43.0 14.4 30.7 26.1 98.39x10-3 99.67x10-3 0.422 180 0.420 2.579 
25 3 42.7 14.8 29.4 27.9 98.39x10-3 99.67x10-3 0.465 180 0.450 2.541 
29 9 41.2 15.2 29.4 27.4 98.39x10"^ 99.67x10-3 0.464 180 0.489 2.470 
19 1 43.8 14.8 31.2 26.0 49.93x10"^ 53.96x10"^ 0.425 150 0.398 2.359 
23 2 43.9 15.4 29.4 28.9 49.93x10"^ 53.96x10"^ 0.510 150 0.491 2.340 
24 3 44.0 14.9 28.2 29.5 49.93x10"^ 53.96x10"^ 0.543 150 0.530 2.302 
30 9 43.6 15.8 28.3 31.4 49.93x10"^ 53.96x10"^ 0.579 150 0.586 2.188 
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temperature of 35°C, with mechanical agitation (Hein, 1977). 
Rheological Characteristics 
Rheological characteristics of the effluent and manure samples 
were analyzed. The less viscous materials were not analyzed because 
the torque readings obtained with the available bob and cylinder 
geometries were too low on the scale to be meaningful. The instrument 
did have an adapter which converted it to a narrow-gap device, but 
the annular gap between the concentric cylinder was not large enough 
to handle the solids in the samples. Drag caused by settled solids 
in the small bottom gap distorted all the readings. Although other 
investigators have described viscometers that were specially designed 
for non-Newtonian material (Eubank and Fort, 1967 as quoted in Hyman, 
1976; Shete et al., 1974 as quoted in Hyman, 1976; Kumar et al. 1972), 
such equipment was not available. 
Regression analyses performed on the factors affecting the heat 
transfer coefficient, h, for beef manure showed that most of the 
variability could be explained in terms of the total solids and the 
airflow rate. For digested material, however, variability remained 
after accounting for the effects. Although the rheological properties 
of the digested material probably did affect the h value, the 
literature seems generally agreed that the effect is complex 
(Skelland, 1967; Wilkinson, 1960) and this aspect was not pursued 
further. 
As mentioned previously, deficiencies limited the values of f 
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that could be explored. Consequently the torque readings on the in­
strument were often low and precision was poor. Extrapolation of the 
rheological information presented here is not recommended. 
Table 11 presents the data analyzed. Table 12a presents the cal­
culated results, and Figures 46 and 47 are plots of shear stress 
versus shear rate for the effluent and manure samples, respectively. 
Expected Temperature Profiles 
Conductive profile 
The expected temperature profile for radial rings based on con­
ductive heat transfer was determined. Most standard heat transfer 
texts, such as Kreith (1973), develop the relationship for radial heat 
flow by conduction through circular cylinders. The equation is: 
q 108, (r„/r^ ) 
2TTL(T^ -T^ ) 
where 
k = thermal conductance 
r = outer radius 
o 
r^ = inner radius 
L = length of cylinder 
T^ = inner temperature 
T^ = outer temperature 
q = rate of heat transfer 
For q and k at constant values, the total temperature rise from 
the inner cylinder to the outer cylinder can be determined from 
Table 11. Data for determining rheological characteristics 
Material Dilution % TS Temp Spindle 6 rpm 12 rpm 30 rpm 60 rpm 
°C Readings, % full scale 
Effluent #1 none 5.47 28 111 Large 14.0 20.0 29.0 42.5 
Effluent #2 none 3.32 22 itl Large 8.0 11.5 17.0 23.5 
Effluent #2 1:1 1.40 22 #1 Large 0.5 1.0 2.5 5.0 
Effluent #3 none 2.64 18 //I Large 6.0 8.0 12.5 19.0 
Raw //I 1:1 11.6 15 #3 Small 13.0 15.5 25.0 35.0 
Raw //I 1:3 5.41 20 //I Large 13.0 20.0 31.0 47.0 
Raw if 2 1:3 6.82 18 Unmarked, middle 10.0 14.0 20.0 28.5 
Table 12a. Calculated rheological characteristics 
Coefficient 
of 
determi­
nation 
Material Dilution % TS k 
Shear stress vs. shear strain 
Point 1 Point 2 Point 3 
n mid T Y mid T Y mid T y 
Effluent #1 none 5.47 0.952 1.681 
Effluent #2 none 3.32 0.993 1.036 
Effluent #2 1:1 1.40 1.000 0.076 
Effluent #3 none 2.64 0.995 0.477 
Raw #1 1:1 11.6 0.850 13.05 
Raw #1 1:3 5.41 0,970 1.693 
Raw #2 1:3 6.82 0.962 4.970 
0.460 3.09 
0.420 1.77 
1.000 0.14 
0.655 1.23 
0.650 40.88 
0.507 3.00 
0.435 9.04 
3.52 4.45 10.14 6.50 16.44 
3.46 2.59 9.65 3.68 19.41 
1.81 0.32 4.11 0.68 9.06 
5.63 1.77 8.02 2.68 16.65 
7.14 58.1 7.89 86.1 18.70 
2.92 4.64 8.60 7.09 15.10 
3.73 12.81 10.57 18.28 17.74 
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equation 73. The total temperature rise can be equated to one, as was 
done in the case of the convection temperature profile, and the tem­
perature rise to any radial point compared to that value. This was 
done, and the results are tabulated in Table 12b, and plotted in Figure 
48. 
Table 12b. Theoretical temperature profile 
in a circular annulus with con­
ductive heat transfer 
Location Temperature ratio 
Distance from inner T - T . 
cylinder 
T - T . 
mm so si 
0.0 0.0 
2.5 0.0904 
7.6 0.2498 
12.7 0.3874 
20.3 0.5638 
22.9 0.6164 
30.5 0.7593 
38.1 0.8844 
46.0 1.0000 
Convective profile 
The convective heat transfer equation used for transfer across 
a boundary to a fluid was: 
q = hA(T^-Tg) [24] 
Either the hot or the cold side could be the boundary. When the 
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hot side was the boundary, the transfer coefficient for the hot side, 
h^, was determined and when the cold side was used, the coefficient 
In steady-state conditions, the rate of heat transfer from the 
hot side to the fluid must be identical to the rate of heat transfer 
from the fluid to the cold side, after considering any losses or gains 
to the system from other sources. In the laboratory equipment, the 
losses from the heated side were minimized by use of a guard heater. 
Other losses or gains were considered negligible and were not measured. 
The convective heat transfer coefficient, h, was similar for both 
the hot and the cold side until solids baked on the hot outer surface; 
then the outer h values were lower. 
When the h values were equal an equation was developed to deter­
mine the h value from only the temperature of the outer surface and 
the inner surface, without knowing the temperature of the fluid. 
To develop this equation, let: 
for the cold side, h^, was found. 
AT. = T, - T . 
1 b SI [74] 
where 
AT^ = temperature difference between the bulk temperature of the 
fluid and the cold inner surface 
= bulk temperature of the fluid 
T . = temperature of the inner surface SI 
Also AT = T 
o so 
[75] 
where 
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= temperature difference between the hot outer surface and 
the bulk temperature of the fluid 
T = temperature of the outer surface. 
so 
Also at. - jj- [76] 
where 
2 A. = area of the inner surface = 0.08478 m 
1 
T 
^^i ^  0.08478 
where 
K' = q/h 
For the outer surface, then: 
= il-
o 
wnere 
2 A = area of the cold outer surface = 0.2294 m' 
o 
" 0.2294 1^9] 
The total temperature drop was equal to AT^ + AT^. These were 
equated as: 
ATi + AT^ = 0.08478^0.2294 ^^0] 
Combining and reducing results yielded: 
AT^ + AT^ = 16.15K' [81] 
Substituting back the value for K* yielded: 
AT.+AT .15^ 
1 o h [82] 
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Solving for h yielded: 
1831 
1 o 
And substituting in the values for AT. and AT yielded: 
" - %% (.') 
Equation 84 gives the value for the convective heat transfer 
coefficient, h, without using bulk fluid temperatures. It is not 
dimensionless. SI units must be used. It is the most reliable in­
dicator of the h value when the h values on the hot and cold sides are 
equal. It is different than the value determined by calculating each 
value based on a fluid bulk temperature and then averaging. Since the 
h values were not equal on the hot and cold side, equation 84 was used 
only as a check. 
When comparing the heat transfer coefficients for the hot and 
cold sides and when attempting to determine if the bulk temperature 
of the fluid could be found, it was helpful to construct a temperature 
profile on a standard basis from the inner surface to the outer sur­
face. This was accomplished by letting T^^ - T^^^ equal one. The 
proportion of the temperature drop from the fluid to the inner surface 
was compared as a ratio to the total temperature drop from surface to 
surface. Also the drop from the outer surface to the bulk fluid tem­
perature was compared to the total drop. 
The proportion of the drop from the inner surface to the bulk 
fluid temperature when the h values are equal on the inner and outer 
surface was given by: 
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'^b " ^si ^ k'/0.08478 
T -T . 16.15 K' 
= 0.7304 [85] 
so SI 
Thus 73.04% of the temperature drop took place between the bulk 
fluid temperature and the inner surface. This was expected as a 
direct consequence of the difference of areas between the inner and 
outer surfaces. Since most of the temperature drop occurred at the 
inner surface, the accuracy in determining the h value was highest 
using this temperature drop, as long as other factors were equal. 
The area of the inner surface was smallest, which decreased the 
accuracy of determination based on the area of the inner surface. 
However, the area could be determined more accurately than tempera­
tures, so this was not a reason to avoid the inner surface in deter­
mination of h. 
The temperature drop from the outer surface to the bulk fluid 
temperature when h values were equal was given by: 
Thus, only 26.99% of the total temperature drop took place be­
tween the outer surface and the bulk fluid temperature. The tempera­
ture drop here was only about 1/3 of the drop between the bulk fluid 
temperature and the inner surface, so as mentioned previously, this 
temperature difference was not as accurate as one based on the inner 
Figure 49 shows the expected temperature profile for convective 
heat transfer. 
so si 
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Inspection of the actual temperature profile with the theoretical 
profile for equal h values revealed if the h values are equal. If 
the film coefficient for the cold side, h^, was less than the film 
coefficient for the hot side, h^, more of the temperature drop occurred 
on the cold side and the profile was above the 0.7304 line. Like­
wise, if the film coefficient for the hot side was less than the film 
coefficient for the cold side, more of the temperature drop occurred 
on the hot side and the profile was below the 0.7304 line. An indica­
tion of the magnitude of the h value was gained from observation of 
the thickness of the boundary layer shown, A thin boundary layer in­
dicated a high h value, and a thick boundary layer indicated a low h 
value (Figure 49). 
Other information was available from the temperature profile. If 
there was no bulk temperature zone in the center, the convective heat 
transfer coefficient, h, was not defined, and could not be determined. 
This occurred at low agitation rates and in thick, viscous concentra­
tions of manure or effluent, when the hot and the cold boundary 
layers were so thick that they met. The heat transfer rate then was 
either pure conduction, or a combination of conduction and convection. 
Observed Non-Agitated Temperature Profiles 
Thermocouples were located radially outward in the liquid from 
the cold, cylindrical inner surface to the heated cylindrical outer 
surface to observe the temperature profile across the sample. The 
thermocouples were at a height of 240 mm and the fluid depth was 500 
194 
mm. It was hoped that when the air flow was completely stopped the 
only heat transfer mechanism occurring would be conductive and that 
it would be possible to determine the conductive heat transfer coef­
ficient of the material. It was not possible. When the air flow was 
stopped, the sample exhibited a mixture of conductive heat transfer 
and natural convection heat transfer, neither of which could be deter­
mined. The conductive heat transfer that was calculated from the 
temperature profiles was not consistent from one radial distance to 
the next and the conductivity calculated from the profile was above esti­
mated conductivity. There was no clearly defined bulk temperature to 
use to determine the convective heat transfer coefficient. Thus, 
neither the conductivity of the material nor the convective heat trans­
fer could be determined when the air flow rate was discontinued. 
Water 
A comparison of the theoretical temperature profile with the 
actual temperature profile for water indicated how closely the situa­
tion approached true conductive heat transfer (Figure 50). 
At zero air flow rate, the temperature profile for water did not 
compare with the theoretical conductive heat transfer profile. There 
was a large area in the center where the temperatures were nearly 
equal, which indicated an area where strong mixing was taking place 
with convective currents. No conductivity could be calculated from 
the data. 
To determine the magnitude of the convective currents, and the 
error in conductivity, equation 73 was used to estimate the thermal 
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conductivity of the water. It did not give the correct results, since 
there should be no convective currents present when it is used. 
, ^ 3 
^ 27rL(T.-T) 
1 o 
= (1000 W)logp(73.Q3 mm/26.79 mm) 
27r(0.5 m) (41.03-16.61°C) 
=13.1 W/m-^C 
2 The conductivity, k, of water at 30°C is 0.6171 W/m -°C as given 
in Kothandaraman and Subramanyan (1975). The experimentally determined 
value was so much higher that is confirmed that convection effects were 
also present, and that the conductivity could not be determined. 
Effluent 
At zero air flow the temperature profile for digester effluent 
with 5.47% total solids (Figure 51) showed some match with the theo­
retical conductive heat transfer profile near the cooled cylinder, 
but the match was poor near the heated cylinder. The curve did not 
match either a pure conductive case or a pure convective case. The 
conductivity could not be determined from these data. 
Manure 
At zero air flow the temperature profile for raw manure with 
11.6% total solids (Figure 52) showed a close match with the theoret­
ical conductive heat transfer profile. The manure with high total 
solids and being viscous, appeared from the temperature profiles to 
completely damp out convective currents. The conductivity of the 
manure was determined from these data. The conductivity determined 
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was high and it appeared that both conduction and convection were 
taking place. 
The experimental conductivity, k, of the manure determined was: 
. • 1 O 
(100 W)(log (73.03 mm/26.99 mm)) 
" 2Tr(0.5 m)(48°C- 10.4°C) 
= 0.84 W/m^-°C 
2 
The experimental conductivity, k = 0.84 W/m -°C was then compared 
to the expected value. The conductivity, k, of water at 30°C is 
0.6171 W/m-°C. Harper (1976) gave a simple relationship to approximate 
the thermal conductivity of mixtures, which is: 
k = k^d.O - 0.5X^) [87] 
where 
k = conductivity of the material 
k^ = conductivity of water 
= weight fraction of suspended or dissolved material 
The relationship was determined by assuming the conductivity of 
the non-water portion as approximately one half the conductivity of 
the water. Heldman (1975) gave a more exacting relationship, but for 
the low amounts of suspended or dissolved material found in manure or 
digester effluent more accuracy was not essential. 
The estimated conductivity of the material from equation 87 was 
then : 
k = (0.6171 W/m^-°C)(1.0- (0.5)(0.116) 
200 
= 0.58 W/m^-°C 
2 The conductivity determined of 0.84 W/m -"C was 145% higher than 
the estimated value from Harper's relationship. This indicated that 
convective currents were present. The shape of the temperature pro­
file indicated that the convective currents were not strong and that 
conduction and convection were both occurring. 
It was not possible to determine either the conductive or con­
vective coefficients in this case. 
Evaluation of Equipment to Determine Thermal Conductivity 
To use the equipment to determine the conductivity, the annular 
distance between the cylinders would need to be decreased and the 
temperature difference between the cylinders decreased. By having a 
small enough gap and small temperature differences, the free convec­
tion currents could be minimized and the conductivity determined. The 
apparatus was not suitable for this use. It is difficult to suppress 
convective currents in heating equipment that is composed of vertical 
members, and most equipment for measuring conductivity of fluids uses 
horizontal plates. 
Evaluation of Equipment to Determine Free Convective Heat 
Transfer Coefficients 
Free convection coefficients are only defined when there is a 
bulk temperature of the fluid. The plots of the temperature profiles 
when the air flow was stopped showed that only for water was the 
annular gap of the laboratory equipment wide enough for natural 
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convection currents to establish a completely mixed bulk temperature 
zone. The plots for effluent and water showed that no completely 
mixed bulk temperature zone was established under free convection. 
The free convection currents for water were determined. 
The experimental convective heat transfer coefficient for the 
inner or cold surface, h^, was calculated from equation 24 as: 
1000 w 
(0.08478 m^) (34.28°C-16.61°C) 
= 668 W/m^-°C 
The experimental convective heat transfer coefficient for the 
outer, or hot, surface, h^, was calculated from equation 24 as: 
, _ 1000 W h 
(0.2294 m )(41.03°C- 34.28°C) 
= 646 W/m^-°C 
Assuming the heat transfer coefficient for the inner and outer 
cylinders were equal, the weighted average for h was determined from 
equation 84. 
' -
_ (16.15)(1000 W) 
(41.03°C-16.61°C)(m^) 
= 661 W/m^-°C 
Compared to the weighted average, the convective coefficient, 
h^, value on the cold inner cylinder was 1.1% high and the convective 
coefficient on the hot outer cylinder was 2.3% low. 
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The previous calculations compared only the experimentally deter­
mined values of the convective heat transfer coefficient, h, with each 
other. The inner and outer coefficients were compared with the weight­
ed average. It was possible to compare the experimental values with 
values predicted from the use of published equations. It was also 
possible to compare the experimental values with data points obtained 
by other experimenters. Both comparisons were made. 
The expected calculated value of the convective heat transfer 
coefficient for the cooled inner cylinder was estimated by equation 
18: 
Nu^ = 0.0246Gr^^^^Pr^^^^(l+ 0.[18] 
= 341 
The value for h was then determined from the definition of Nu 
c 
(equation 6): 
h = 416 W/m^-°C 
c 
2 
The experimental value of h^ = 668 W/m -°C was 60.6% high compared 
to the expected calculated value. 
The expected calculated value of the heat transfer coefficient 
for the outer cylinder using equation 18 and the definition of the 
Nusselt number was: 
h^ = 380 W/m^-'C 
2 
The experimental value of h^ = 646 W/m -®C was 70.0% high compared 
to the expected calculated value. 
The experimental values were compared to actual data points for 
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vertical cylinders as presented in Figure 7-4 of Kreith (1973). For 
the inner cylinder the value of the Rayleigh number was 4.4 x 10^^. 
From the data points on the graph, the Nusselt number was 390. At a 
Nusselt number of 390 the value of the convective heat transfer coef-
2 ficient, h , was 510 W/m -°C. The experimental value of h = 668 W/ 
c c 
2 
m -°C was 31% high compared to other exmperimeters' actual data 
points. 
For the outer cylinder the value of the Rayleigh number was 3.1 
X 10^^. From the data points on the graph, the Nusselt number was 
380. At a Nusselt number of 380 the value of the convective heat 
2 transfer coefficient, h^, was 480 W/m -°C. The experimental value of 
2 h^ = 646 w/m -°C was 35% high compared to other experimenters' actual 
data points. 
The region being sampled was near the transition from laminar to 
turbulent free convection heat transfer, which occurred between Ray-
8 XO 
leigh numbers from 1 x 10 to 1 x 10 (Kreith, 1973). Near the 
transition region the values are often far from the measured values. 
The cylinders may not be large enough to act as vertical flat 
plates. The equations used were for large cylinders and flat plates. 
Kreith pointed out that a vertical cylinder may be treated as a flat 
plate of height L when the diameter divided by the height is greater 
than 35 Gr^ 0,25^ For the inner cylinder the diameter divided by the 
-0 25 height was 0.108 and 35 Gr^ ' was 0.112, thus the inner cylinder 
did not meet Kreith's test for flatness for free convection. This 
may have led to some error. 
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The gap between the cylinders also had an effect. Fishenden and 
Saunders (1950) discussed the effect of heating fluid layers between 
concentric vertical cylinders. They indicated that the heat flow 
between two cylinders could be considered as two flat plates, if the 
outer diameter divided by the inner diameter was less than 5. In the 
experiment the ratio was 2.73, so their criterion was met. 
When the samples were agitated, the thickness of the boundary 
layer surrounding the inner cylinder decreased and the curved inner 
cylinder surface could then be compared to a flat plate. 
During free convection in water there was a vertical temperature 
stratification. The temperatures used in the horizontal temperature 
profiles were located at a height of 240 mm from the bottom in a tank 
with a liquid depth of 500 mm. The temperature of the inner cylinder 
surface and the temperature of the outer cylinder surface were 
averages of several temperatures located at varying heights. During 
natural convection the temperatures from top to bottom were not uni­
form or stable. Averages may not have been representative. Although 
this was a problem during natural convection, it was not a problem 
during forced convection with air agitation. 
The equipment could be used for determination of free convective 
heat transfer if the inner cylinder were larger to insure that the sur­
face would act as a flat surface and the gap was larger so a bulk tem­
perature zone could be established. Raising the temperature 
differences would increase the convective currents and allow a 
narrower gap, but this was not possible with manure samples since 
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manure baked on the heater surface. 
The equipment used was designed to determine the forced convec-
tive coefficients, and should not be used to determine the free con-
vective heat transfer coefficients. Equipment to determine the 
natural convective coefficient should be specifically designed. 
Fortunately, it was not important to determine the free convec­
tion coefficient for effluent and manure since agitation was necessary 
to suspend the solids in the manure and effluent. The heat transfer 
rate for natural convection was so low that it would not appear to be 
practical to design an effluent to influent heat exchanger based 
only on natural convection. 
Observed Agitated Temperature Profiles 
The laboratory equipment was unsuitable for determination of the 
thermal conductivity of the material, k, or the natural convective 
heat transfer coefficent, h. The equipment was used to determine the 
forced convective heat transfer coefficient, h, when air agitation was 
added. The temperature profiles were used to determine if the air 
flow rate used in the test was great enough to establish a completely 
mixed bulk temperature zone. If such a zone was established, the 
test could be used to determine the h value; if such a zone was not 
established, the test could not be used. 
Water 
Figure 53 shows a temperature profile for water with no air flow 
3 2 
rates and an air flow rate of 1.04 m /m -min, the minimum and 
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maximum air flow rates available. At both the minimum and the maximum 
rates a bulk zone was established. The coefficient at no air flow was 
subject to error as already determined. The thinnest boundary layer 
occurred at the high air flow rate, which indicated the convective 
heat transfer coefficient, h, was highest at the highest air flow rate. 
The bulk temperature occurred at temperature ratios near 0.73, so the 
convective coefficients were nearly equal on both the heated and the 
cooled surface. 
Effluent 
Figure 54 shows a temperature profile for 5.47% total solids 
3 2 digester effluent with air flow rates of 0.00, 0.17, and 1.04 m /m -
min. At an air flow rate of zero, the boundary zones met and no 
bulk temperature zone was established, so no information was avail-
3 2 
able from that test. At an air flow rate of 0.17 m /m -min, a low 
agitation rate, a bulk temperature zone was established, and the 
convective heat transfer coefficient was determined. At the maximum 
3 2 
air flow rate of 1.04 ra /m -min, which was an agitation rate sufficient 
to give complete mixing (Table 14) a bulk temperature zone was estab­
lished. 
The thinnest boundary layer occurred at the highest air flow 
rate, which indicated the convective heat transfer coefficient, h, 
was highest at the highest air flow rate. 
3 2 
At an air flow rate of 0.17 m /m -min the bulk temperature occurred 
at a ratio around 0.6. This indicated that the hot side convective heat 
transfer coefficient, h, , was less than the cold side convective 
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various air flow rates in effluent 
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3 2 heat transfer coefficient, h^. At an air flow rate of 1.04 m /m -min 
the temperature ratio was close to 0.7, which was slightly below 0.73, 
which again indicated that h^ is less than h^. The high air flow rate 
test was performed first, and some baking was already occurring during 
3 2 the air flow test at 0.17 m /m -min. 
Since baking on the hot surface did occur during low air flows, 
the connective heat transfer coefficients were higher on the hot side 
than the cold side. The temperatures on the hot side were higher 
than they would be in an effluent to influent heat exchanger. It is 
unlikely any baking would occur during operation at the lower tem­
peratures. For this reason and other reasons mentioned earlier, the 
convective heat transfer coefficients were calculated only for the 
inner cooled surface. 
Fouling might occur on both the hot and the cold surface. No 
determination of the fouling coefficient was made. During the course 
of the tests no fouling took place on the inner surface. In fact, the 
inner copper surface appeared to be polished more after testing than 
it was when constructed. The convective heat transfer on the outer 
surface could never be accurately determined due to the fouling and 
temperature measurement uncertainties. The thermocouple locations and 
physical characteristics were not as accurate on the outer cylinder. 
Also, there were hot and cold spots on the outer cylinder caused by 
the heating element, so the average temperature was difficult to 
determine. The value of the thermal coefficient as determined on 
the outer surface should be used only as a rough approximation. 
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Manure 
Figure 55 shows a temperature profile for 11.6% total solids 
3 2 
manure. At no air flow and at an air flow of 0.14 m /m -min no bulk 
3 2 
temperature zone was established. At air flow rates of 0.35 m /m -
min and above a bulk temperature zone was established. The air flow 
3 2 
rate of 0.35 m /m -min was close to the lower end of the moderate 
agitation zone. 
The thinnest boundary layer occurred at the high air flow rate, 
which indicated the convective heat transfer coefficient, h, was 
highest at the highest air flow rate. 
Evaluation of Equipment to Determine Convective Heat 
Transfer Coefficients 
The equipment was used to determine the convective heat transfer 
coefficients. A bulk temperature zone was established at air flow 
3 2 
rates greater than 2.5 L/min (0.17 m /m -min). The boundary layer 
thickness was estimated from the temperature profile and the convec­
tive heat transfer coefficients were determined using the bulk tempera­
ture of the fluid and the surface temperature of the cooled inner 
pipe. No existing equations were found to correlate convective heat 
transfer coefficients to the experimentally determined convective heat 
transfer. This made it difficult to verify the equipment. 
Temperature profile data points were determined for all tests. 
Not all profiles were plotted. The points were scanned to insure 
that there was a bulk temperature zone before the data were used for 
determination of the convective heat transfer coefficient. 
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Air Agitation 
Power required 
The total pressure to force the air out of the nozzles consisted 
of the static pressure, the nozzle pressure drop, and the friction 
losses in the supply line. The static pressure to overcome the liquid 
head has been calculated previously as 4.90 kPa, the nozzle pressure 
drop at the maximum flow rate of 15 L/min was 5.89 kPa, and the fric­
tion losses in the supply line for such low flow rates were negligible. 
The total theoretical pressure drop was then 10.79 kPa (1.57 psig). 
The observed pressure drops at the maximum air flow rate ranged from 
13.8 kPa (2.0 psig) to 68.94 kPa (10.0 psig). The large range in the 
observed pressures was due to plugging of one or two of the three 
nozzles. 
The theoretical power input to the laboratory equipment for a 
liquid depth of 0.500 m, a total flow rate of 15 L/min (83.33 x 10 ^  
3 
m /s per nozzle) was calculated from equation 62 to be: 
= (1.013 X 10^ ^ ) (250 X 10 
m 
112.1 X 10^) 
101.3 X 10^ 
2.57 W 
where 
3 2 
P^ = atmospheric pressure = 101.3 x 10 N/m 
Pg = atmospheric pressure + nozzle pressure + static pressure + 
friction losses 
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= (101.3 X 10^ N/m^) + (5.89 x 10^ N/m^) + (4.9 x 10^ N/m^) + 0 
= 112.1 X 10^ N/m^ 
Theoretical power inputs for other air flow rates were calculated 
in a similar manner and are summarized in Table 13 and plotted in 
Figure 56. 
The power required was also calculated as power per unit volume. 
At the minimum air flow rate used of 2.5 L/min the calculated power 
-3 3 3 
was 0.22 W. For a sample volume of 7.232 x 10 m this was 30 W/m . 
The power per unit volume is shown in Table 13. 
The actual power expended in air agitation in an actual heat ex­
changer depends on the efficiency of the pumping and supply system, 
the nozzle design and spacing, the degree of agitation necessary to 
suspend solids, the degree of agitation necessary to obtain the 
desired convective heat transfer coefficient, h, and the liquid depth. 
An example is used to determine the possible magnitude of agita­
tion air power requirements. In the example showing the use of the 
design equations, a ten tank exchanger obtained an effectiveness of 
0.70 and extracted 5849 W of thermal power. The length of the ex-
2 
changer was 3.54 m , the width per tank was 5.08 cm and the bottom 
2 
area was 3.60 m . The maximum air flow rate considered in this dis-
3 3 
sertation was 1.04 m /m -min. The total air flow rate using the 
3 
maximum rate would then be 0.374 m /min, or 374 L/min. Extrapolating 
from Table 13 indicated that 64 W was the minimum theoretical air 
agitation power needed. Losses in the supply line, nozzles, heads, 
and pumping equipment could easily triple this to approximately 200 W. 
Table 13. Theoretical pressure drops and power needed for air agitation 
Pressure Static Total Power, Power 
Flow drop across Atmospheric pressure pressure isothermal per unit 
rate nozzle pressure at bottom at bottom expansion volume 
3 
L/min kPa kPa kPa kPa W W/m 
2.5 0.4 101.3 4.9 106.6 0.22 30 
5.0 1.1 101.3 4.9 107.3 0.49 67 
7.5 2.0 101.3 4.9 108.2 0.83 115 
10.0 3.2 101.3 4.9 109.4 1.30 180 
12.5 4.5 101.3 4.9 110.7 1.87 260 
15.0 5.9 101.3 4.9 112.1 2.57 350 
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Thus, 200/5849, or 4% of the potential power recovered might be used 
for agitation. 
Agitation rates 
The maximum agitation rate to achieve very intensive mixing (or 
3 2 
violent agitation) at 2.0 m /min-m was not achieved in this experi­
ment. It was noted that at the highest rates achieved, at slightly 
3 2 
over 1.0 m /min-m agitation visually appeared violent. The air 
bubbles were breaking at the surface with considerable force, and 
after a short time in the laboratory equipment the samples foamed. 
3 2 
At air flow rates below 0.2 m /min-m the sample surface appeared 
tranquil, and close inspection was necessary to insure that there was 
any air flow. Table 14 shows the air flow rates used. 
The graphs for the convective heat transfer coefficient for 
various air flows (Figures 57 and 58) indicated that the air flow 
rate might have been increased even further with a corresponding in­
crease in the h value. Higher air flow rates were not possible with 
the equipment being used. 
Fluid temperature and mixing 
Graphs of fluid temperature distribution within the model in­
dicated that moderate agitation and complete agitation did lie within 
3 2 
the ranges predicted. Air flow rates under 5.5 L/min (0.4 m /min-m ) 
3 2 
were suddenly and purposely increased to 15 L/min (1104 m /s-m ) to 
observe the effects. The bulk temperature of the fluid and the 
temperature of both the hot and cold surface shifted quickly and to 
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Table 14. Air flow rates as used in the laboratory equipment compared 
to the theoretical mixing rates 
Flow rate Flow rate Mixing in­
Flow rate per square per square tensity as 
as recorded meter of meter of given by 
in data Flow rate bottom area bottom area Nagata, 1975 
L/min 3 , m /s 2 L/s-m 3, . 2 m /min-m 
0.0 0 0.0 0.0 0 
1.0 16.7 X10~^ 1.15 0.07 less than 
2.0 33.3X10~^ 2.30 0.14 moderate 
2.5 41.7 X10~^ 2.88 0.17 agitation 
3.0 50.0x 10~^ 3.46 0.21 less than 
4.0 66.7x10"^ 4.61 0.28 medium 
— A intensity 
5.5 91.7x10 ^  6.34 0.38 mixing 
6.0 100 Xlo"^ 6.91 0.41 moderate 
8.0 133 xlO"^ 9.22 0.55 agitation, 
-fi 
complete 
10.0 167x10 11.52 0.69 blending 
12.0 200 X10~^ 13.83 0.83 complete 
14.0 233 x10"* 16.13 0.97 agitation. 
15.0 250 XlO"^ 17.28 1.04 complete 
28.94 483 X10"^ 33.33 2.00 blending 
over 28.94 over 483 x10 ^  over 33.33 over 2.00 violent 
agitation. 
very intense 
mixing 
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a great degree, perhaps 5°C in less than 5 min. It then took approxi­
mately two hours for the temperatures to readjust to steady-state 
conditions at the high air flow rate. 
Experimentally Determined h Values 
Statistical analysis 
A statistical analysis of convective heat transfer coefficient, 
h, as a function of air flow rate, total solids, and material type 
was performed on the data. The statistical study was performed on a 
Hewlett-Packard 97 programmable printing calculator using the curve 
fitting routine SD-03A in the HP-97 Standard Pac, and by use of the 
Statistical Analysis System, SAS, provided by the ISU Computational 
Center. 
The plots of the convective heat transfer coefficient, h, as a 
function of air flow rate for varying total solids concentrations 
and for given material types appeared to be linear. Linear regres­
sions performed on sets of data that were sorted by total solids 
concentrations and by type (effluent or manure) confirmed that the 
2 plots were linear. The coefficients of determination, r , for linear 
models ranged from 0.739 to 1.000, with a majority above 0.930. 
The regressions are tabulated in Tables 15 and 16, and plotted in 
Figures 57 and 58. 
The plot of h as a function of total solids for varying air 
flow rates and for given material types had a definite curve (Figure 
59). Visual inspection of the data indicated the data would fit a 
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Table  15 .  Linear  regress ion  equat ion  cof f ic ien ts  
for  se t s  of  d iges te r  e f f luent  da ta  
sor ted  by  to ta l  so l ids  concent ra t ions  
TS % a  b  2  r  
F igure  
symbol  
0 .59  1959 73 .57  0 .912  O 
0.79  1940 49.35  0 .918  A 
1.40  1959 28 .65  0 .739  G 
3.32 993.0  65 .37  0 .999  A 
5.47  782.9 44.33  0 .972  O 
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Table 16. Linear regression equation coefficients for 
sets of raw manure data sorted by total solids 
concentrations 
TS % a b r2 
Figure 
symbol 
2.64 1135 52.93 0.933 A 
2.86 1643 51.08 0.909 O 
3.89 988.3 69.86 0.993 O 
5.41 865.8 38.09 0.983 0 
6.82 378 42.46 0.996 o 
7.56 239.7 54.06 0.999 A 
11.60 86.02 16.92 0.930 O 
Convect ive  hea t  t ransfer  coef f ic ien t ,  h ,  W/m -"C 
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quadratic curve. A second order linear regression equation was deter­
mined to adequately fit the data. More complicated equations were 
considered that increased the coefficient of determination slightly, 
but the extra terms proved not to be statistically significant at the 
95% confidence level and were discarded. 
The data were analyzed to determine if there was a difference 
between digester effluent, which was called type 1 material, and raw 
manure, which was called type 2 material. Visual inspection of the 
data did not readily yield an answer. A statistical model that in­
cluded the type as a parameter and a model that did not include type 
as a parameter were compared (Table 17). Results of the analysis 
indicated that there was a difference between digester effluent and 
raw manure at the 95% confidence level. Separate equations are 
presented for digester effluent and for raw manure. 
Prediction equation for effluent 
The results indicated that the convective heat transfer coef­
ficient, h, for the digester effluent, type 1, was predicted by the 
equation: 
1) h = 2630 - 515 TS + 29. 22 TS^ + 30.59 Air [88] 
where 
2 h = convective heat transfer coefficient, W/m -"C 
TS = total solids, % 
2 
Air = air flow rate/unit bottom area, L/m "s 
2 For the data analyzed, the coefficient of determination, r , 
Table 17. Summary of the SAS output and the F test to test for differences between type 1 and 
type 2 
Model fitted; H = 3q + g^TS + ggTSATS + g^AIR 
Residual Sum of Squares for Error, reduced = 3,325,730 
Full Model, considering type 
Model fitted: same as above plus type 1 and type 2 
Residual Sum of Squares for Error, full model = 2,617,731 
Mean Square, full model = 56,907 
Degrees of freedom, error = 46 
D e g r e e s  o f  f r e e d o m ,  t y p e  = 2 - 1 = 1  
^1 46 a = 0.05 = 4.06 
^ = (Res SS . , = Res SS. ,,)/d.f. = (3,325,730 - 2,617,731)/! = 12.44 
test reduced full 
56,907 
^1 46 ^  calculated F; therefore reject the null hypothesis that there is no difference between 
' types at the 0.05 probability level and conclude there is a difference 
between types 
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using equation 88 was 0.830 and the coefficient of variation was 16.89. 
All the terms were significant at the 95% confidence level, except 
2 
total solids squared, TS , which was significant at the 71% confidence 
level (see Table 18 for a summary of the statistical analysis). 
Prediction equation for manure 
The convective heat transfer coefficient, h, for the raw manure, 
type 2 was predicted by the equation: 
2) h = 3135- 543.3 TS +22.12 TS^ +39.51 Air [89] 
2 For the data analyzed, the coefficient of determination, r , 
using equation 89 was 0.984 and the coefficient of variation was 9.06. 
All the terms were significant at the 99% confidence level. The high 
coefficient of determination and the high significance of the terms 
indicated that for the samples of raw manure analyzed, equation 2 (89) 
was satisfactory for determination of the h value, provided all condi­
tions in the heat exchanger were the same as in the laboratory test. 
See Table 19 for a summary of the statistical analysis. 
The data for the digester effluent included a set of data with a 
total solids concentration of only 0.59%. At such low total solids it 
was likely that some other parameters needed to be considered. Those 
other parameters were not determined in this study, but would likely 
include an evaluation of the terms in the Nusselt number, the Reynolds 
number, and the Prandtl number, since the situation was forced convec­
tion turbulent flow. To evaluate these terms, it would be necessary 
to know the velocity, density, characteristic length dimension, vis­
cosity, specific heat, and thermal conductivity. These were not 
Table 18. Summary of the SAS output for the general linear model for digester effluent, type 1 
Model fitted: H = g^ + g^TS + BgTSATS + g AIR 
Source DF Sum of squares Mean square F value PR>F R-square C.V. 
Model 3 11,156,000 3,719,000 34.24 0.0001 0.830 16.89 
Error 21 2,281,000 108,600 
Corrected total 24 13,437,000 
Source DF Type I SS F value PR F 
TS 1 10,552,000 97.15 0.0001 
TS*TS 1 110,000 1.01 0.3265 
AIR 1 494,000 4.55 0.0448 
Parameter Estimate T for H ; Parameter = ({> PR>1T1 Standard error of estimate 
Intercept 2630 
o 
10. 53 0.0001 249.8 
TS -515 -3. 08 0.0056 167.0 
TS*TS 29.22 1. 09 0.2870 26.75 
AIR 30,59 2. 13 0.0448 14.34 
Table 19. Summary of the SAS output for the general linear model for raw manure, type 2 
Model fitted; H = pQ+B^TS + ^gTSATS + ggAIR 
Source DF Sura of squares Mean square F value PR>F R-square C.V. 
Model 3 12,438,000 4,146,000 462.88 0.0001 0.9844 9.057 
Error 22 197,000 8,537 
Corrected total 25 12,636,000 
Source DF Type I SS F value PR>F 
TS 1 10,441,000 1165 0.0001 
TS&TS 1 1,284,000 143 0.0001 
AIR 1 713,000 79.6 0.0001 
Parameter Estimate T for H : Parameter = 0 PR>1T1 Standard error of estimate 
Intercept 3135 
U 
21.51 0.0001 145.73 
TS -543.3 -14. 49 0.0001 37.49 
TS*TS 22.16 9. 12 0.0001 2.43 
AIR 39.52 8.92 0.0001 4.43 
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known and the experiment was not designed to determine them or to 
compare them. With air agitation, it was difficult to determine the 
velocity, and with non-Newtonian fluids agitated by air it was dif­
ficult to determine the effective viscosity. Thus, the equation to 
determine the h values at low total solids where other parameters 
were necessary was not as reliable as those for higher total solids. 
Plot for water 
A plot for tap water is provided in Figure 60. The data for 
water, at essentially zero total solids, were not included in the 
analysis and the h values for water were not correlated with experi­
mental data because no standard equations were found to determine the 
h values under the forced turbulent conditions used in the experiment. 
The data for water were included so that other researchers attempting 
to interpret the data in this dissertation will have some type of 
base line. 
Plots for effluent and water 
Plots of the predicted h value using the full linear model com­
pared to selected data points are provided for the effluent in Figure 
61 and for the manure in Figure 62. 
Accuracy of Results 
Numerous errors, both accidental and systematic, affected the 
results. They have been discussed separately in the dissertation. 
The most obvious error was the temperature measurement. The expected 
error in measuring temperatures was 0.76°C. Temperature differences 
were kept as large as possible without exceeding the insulation 
Convective heat transfer coefficient, h, W/m -°C 
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maximum temperature or the inner surface temperature. The temperature 
difference used to determine the convective heat transfer coefficient 
was usually 10°C or larger. For those readings where the temperature 
difference was 10°C or larger, the maximum estimated error in the h 
value due to temperature errors would be ±7.6%. In the case of water 
the maximum temperature difference that could be obtained at the 
highest air agitation rate was 2.7°C, and the maximum estimated error 
due to temperature measurements would be ± 28 %. During high agitation 
rate tests on dilute effluent samples the maximum temperature dif­
ference that could be obtained was 4.6°C, and the error due to tem­
perature measurements was ± 17 %. 
The power measurement was subject to error. The wattmeter used 
may have been in error by ± 5 %. Heat losses from the perimeter also 
caused some error. No measure was made of the losses, but they were 
controlled with a guard heater and insulation. An estimate of the 
error caused by them was 5%. 
The air agitation equipment was not designed for research pur­
poses. No measure was made of the error caused by the air agitation 
equipment. An estimate, based on the operating experience and changes 
needed to keep the air flow rate constant with changes of supply 
pressure, would be that the air flow measurements might be in error as 
much as ± 20 %. 
Analysis of the samples for total solids was done using approved 
laboratory procedures and the results are thought to be quite 
accurate, however, obtaining a representative sample was difficult and 
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the results of the total solids test are estimated to vary from the 
actual material by ± 10 %. 
Use of a cylindrical arrangement rather than a vertical flat 
plate distorted the convective heat transfer coefficients and the air 
agitation rate effects. The effects were not thought to be serious 
at high agitation rates, but they caused some error when extrapolating 
data from the equipment. No estimate was made for the magnitude of 
this error. 
The magnitude of the error was dependent on which test was being 
considered. For tests where the h value was low, temperature differ­
ences were high and power rates were low. The temperature error 
effects were minor, and errors in measuring the power and the perim­
eter losses had a larger effect. For tests where the h value was 
high,the temperature differences were low and the power rates were 
high. Here the temperature errors were the major source of error 
and errors in measuring the power input and the perimeter losses were 
minor. The errors were not cumulative. 
To completely analyze the data for errors would require a point 
by point analysis and better estimates of the errors. Before this 
type of analysis would be attempted the equipment should be modified 
to obtain greater accuracy, as suggested in the section on Recommenda­
tions for Further Study. 
Kreith (1973) noted that experimental data show scatter of ± 15 % 
or more. The experimental equipment used in this dissertation had 
limitations. It is suggested that the use of information from the 
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equipment be considered to be accurate to no more than ± 30 %, which 
gives information that is adequate for most design purposes. 
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SUMMARY AND CONCLUSIONS 
A prototype vertical plate heat exchanger was constructed. 
Attempts to determine surface heat transfer coefficients using water 
were not satisfactory. The experience with the prototype motivated 
further investigation into the theory of multipass mixed tank ex­
changers. This led to the development of design equations and 
graphs. These related the effectiveness of the exchanger to the 
design parameters of flow rate, heat transfer coefficients, heat ex­
change surface areas, and the number of passes (tanks). They illus­
trated the effect various parameters have on overall effectiveness. 
The equations and graphs also showed that the flow rates in the proto­
type were too low and the heat transfer area was too large to obtain 
good values for the convective heat transfer coefficient for water. 
The prototype data also revealed that the existing natural convection 
equations were not entirely satisfactory for prediction of the natural 
heat transfer coefficient of water in an operating heat exchanger. 
The effects of air agitation in the prototype were not studied because 
the convective heat transfer coefficient was too large, which caused 
temperature differences to be too small to measure with the equipment 
used. 
The prototype was useful in developing design equations and 
graphs. It was also useful in verifying the effects of adding passes 
(tanks), as predicted by the design equations. The prototype could 
have been used, with flow modifications, on the beef anaerobic 
digester, had such a digester been available. Currently there are no 
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plans for further experiments using the prototype. A new heat ex­
changer, based on other concepts as well as those discussed in this 
dissertation is presently being constructed by another researcher. 
The prototype could have been modified to evaluate the heat 
transfer coefficient and the effects of air agitation by decreasing 
the heat transfer area. Instead, a new piece of laboratory equip­
ment designed especially for determination of the coefficient and the 
effects of air agitation was constructed. 
The results from the new laboratory equipment gave meaningful 
numbers for the convective heat transfer coefficient, h, for use in 
design of an effluent to influent heat exchanger. The coefficient 
was highly dependent on the total solids in the effluent or the manure. 
The effects of air agitation were not as large, once sufficient air 
was supplied to keep the material completely blended. When no agita­
tion air was supplied the convective heat transfer rate could not be 
measured because the boundary layer on the outer surface interacted 
with the boundary layer on the inner surface. In general, the coef-
ficent, h, decreased with an increase in total solids and increased 
with an increase in the air agitation flow rate. 
Empirical equations were developed for manure and effluent that 
related the convective heat transfer coefficient, h, to the total 
solids content and the air agitation flow rate. The equation for 
raw manure was an adequate predictor of h, but the equation for 
effluent left a considerable amount of variation unexplained, and 
other terms would be necessary to fully predict the coefficient h. 
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A prediction equation incorporating these terms was not developed. 
Extrapolations should not be made from the equations developed for 
air flow rates or total solids concentrations outside the sampled 
values. 
The values of the convective heat transfer coefficient of diges­
ter effluent and raw manure which were obtained can be used for 
preliminary design of the heat exchanger for the ISU Beef Nutrition 
farm anaerobic digester. 
The design equations, the prototype work, and the convective heat 
transfer coefficients determined in the laboratory equipment indicate 
that a multipass mixed tank exchanger with greater than 50% effective­
ness can be designed and would be suitable for use in transferring 
heat from the effluent to the influent of an anaerobic digester. 
Although heat transfer performance can now be predicted with some 
degree of confidence for such a configuration, it is recognized that 
other factors such as solids settling, plugging, and fouling must 
be investigated. 
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RECOMMENDATIONS FOR FURTHER STUDY 
Further study could be made in several areas. 
1) The suitability of a gas-agitated vertical plate heat ex­
changer for use between the influent and effluent on an anaerobic 
digester needs to be tested. A prototype exchanger, using the design 
equations in this dissertation, should be constructed and evaluated 
in actual operation. Questions concerning fouling, plugging, settling, 
convective heat transfer coefficients, overall effectiveness, overall 
efficiency, costs, benefits, and design factors should be answered. 
2) The convective heat transfer coefficients obtained in the 
laboratory equipment should be compared to the coefficients observed 
in actual operating conditions. 
3) Further studies should be made to determine the agitation 
rate needed to suspend manure solids in a flat plate configuration. 
4) More adequate equipment to measure rheological characteristics 
should be obtained and attempts to relate rheological characteristics 
to the convective heat transfer coefficient should be made. 
5) The theoretical relationships between agitation and the con­
vective heat transfer coefficient should be studied further. Gas and 
mechanical agitation should be compared. 
6) The laboratory equipment should be redesigned and rebuilt 
considering the factors brought out in this dissertation. Specifi­
cally, the temperature measurements should be improved by moving the 
thermocouple leads out of the sample, using special quality calibrated 
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thermocouple wire, and calibrating the temperature measuring equipment. 
The air agitation equipment should be modified so a constant pressure 
could be maintained, with manifolding designed so the nozzle pressures 
could be measured, and with flow control for higher agitation rates. 
The main heater should be redesigned to eliminate the hot spots. A 
new guard heater with automatic temperature control should be in­
stalled. Methods of loading and unloading the sample should be 
improved. The electrical measurement equipment should be replaced 
with laboratory quality instruments, and a method to maintain a con­
stant power input needs to be added. Other refinements, such as 
quick disconnect thermocouple wires between the rotary switch and the 
equipment, a solid enclosure around the outer cylindrical container, 
and more precise workmanship and design throughout would add to 
convenience and accuracy. 
7) The convective heat transfer coefficients of many different 
samples should be evaluated to determine what factors, if any, besides 
total solids and air flow rate are necessary to determine the convec­
tive heat transfer rate of raw manure and effluent. 
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APPENDIX : 
SUMMARIZED DATA AND RESULTS 
246 
The following data and results were obtained from the laboratory 
equipment used to determine the convective heat transfer coefficient, 
h. The experiments were performed from November, 1979 through 
January, 1980 in Room 172, North Shed, Davidson Hall, Iowa State Uni­
versity by Thomas H. Greiner. The equipment and procedures are 
explained in the text of the dissertation. 
Air 
Mate- Test % flow 
rial No. TS rate 
L/min 
Main Guard 
Pressure heater heater 
psig W % 
57 0 0.0 0.0 1000 40 
58 0 5.0 - 1000 40 
59 0 15.0 2.0 1000 40 
60 0 10.0 — 1000 44 
61 0 7.5 1.0 1000 44 
62 0 5.0 - 1000 45 
63 0 2.5 1.0 1000 45 
64 0 0.0 0.0 1000 46 
65 0 1.0 1.0 1000 45 
66 0 1.0 1.0 1000 45 
67 0 2.0 1.0 1000 45 
68 0 3.0 - 1000 45 
69 0 4.0 1.0 1000 45 
70 0 12.0 1.5 1000 45 
Inner 
Mean temperatures and coefficients convective 
of variation heat 
transfer 
Ti C.V. C.V. TQ C.V. coefficient 
"c % "C % °C % h, W/m2-°C 
16.41 2.38 34.14 5.29 41.23 10.71 665 
16.33 2.51 20.01 1.45 20.93 0.72 3205 
15.57 3.20 18.24 1.37 19.35 3.42 4418 
15.80 
15.97 
16.04 
3.52 
3.38 
3.59 
18.58 
18.98 
19.61 
0.80 
1.48 
1.29 
19.35 
19.65 
20.60 
0.30 
0.29 
3.42 
4243 
3919 
3304 
16.05 
16.61 
16.84 
4.01 
2.43 
5.63 
19.91 
34.28 
25.39 
1.53 
4.26 
1.51 
21.73 
41.03 
31.20 
3.71 
8.86 
4.37 
3056 
668 
1380 
16.32 
15.27 
15.58 
6.46 
3.38 
2.94 
25.43 
21.54 
19.81 
1.54 
1.31 
1.61 
31.35 
24.05 
21.45 
2.93 
3.25 
3.25 
1295 
1881 
2788 
15.68 
15.55 
1.53 
1.33 
19.63 
18.63 
1.51 
1.06 
21.42 
19.45 
3.29 
3.23 
2986 
3830 
Inner 
Mean temperatures and coefficients convectlve 
Air of variation heat 
Mate- Test % flow Main Guard transfer 
rial No. TS rate Pressure heater heater Tj_ C.V. T^ C.V. T^ C.V. coefficient 
L/min psig W % °C % °C % °C % h,W/m- °C 
Diges­ 71 5.47 15.0 6.0 1000 45 15.13 8.77 23.0 0.73 26.50 6.52 1499 
ter 72 5.47 12.5 8.0 875 45 14.87 8.13 21.94 0.94 26.13 9.00 1460 
73 5.47 10.0 4.0 800 45 14.77 4.64 22.06 0.68 25.30 6.59 1294 
efflu-
ent #1 74 5.47 7.5 4.0 750 45 14.42 4.89 21.80 0.65 26.42 10.42 1199 
75 5.47 5.0 4.0 690 42 14.18 5.60 21.83 0.68 25.98 11.29 1064 
76 5.47 2.5 4.0 625 35 14.28 6.00 22.83 0.87 28.08 17.32 862 
77 5.47 1.0 1.0 300 28 12.37 1.75 a a 49.00 10.12 a 
78 5.47 0.0 - 150 28 12.27 2.99 a a 40.80 10.08 a 
Diges­ 79 3.32 15.0 5.0 1000 0 14.97 2.06 20.54 1.35 24.37 4.00 2118 
ter 80 3.32 10.0 5.0 1000 0 16.03 2.18 22.75 0.94 26.37 2.38 1755 
êf flu­ 81 3.32 5.0 4.0 700 45 15.20 1.72 21.25 
1.10 24.53 1.45 1365 
ent //2 82 3.32 1.0 1.0 500 45 14.12 5.53 a a 34.87 2.05 a 
^The agitation rate was not sufficient to establish a completely mixed zone and a bulk 
temperature. 
Air 
Mate- Test % flow 
rial No. TS rate 
L/min 
Main Guard 
Pressure heater heater 
psig W % 
Diges­ 83 1.40 15.0 10.0 1000 45 
ter 84 1.40 10.0 5.0 1000 45 
efflu­
85 1.40 5.0 3.0 750 30 
ent #2 
86 1.40 1.0 1.0 625 30 
diluted 
1:1 
Diges­ 87 0.79 15.0 — 1025 45 
ter 88 0.79 10.0 1.5 975 40 
e f flu- 89 0.79 5.0 2.0 1000 40 
ent #2 
90 0.79 2.5 1.0 1000 40 
diluted 91 0.79 1.0 1.0 1000 40 
1:2 92 0.79 15.0 8.0 1000 45 
93 0.79 8.0 5.0 1000 45 
94 0.79 2.0 1.0 1000 45 
Inner 
Mean temperatures and coefficients convecttve 
of variation heat 
trans fer 
Ti C.V. T. C.V. T C.V. coefficient 
°C % °C % °C % h,W/m^-°C 
15 .47 0. 97 20.39 1.06 22.28 2.86 2397 
15 .58 2. 20 20.49 1.44 22.70 2.60 2402 
14 .30 2. 65 18.58 1.67 20.33 2.36 2067 
14 .05 4. 91 a a 40.23 9.02 a 
14.57 
14.45 
14.78 
5.64 
5.55 
4.87 
18.79 
18.99 
19.95 
1.29 
0 . 8 6  
1.07 
20.32 
20.67 
22.15 
3.80 
2.83 
2.63 
2865 
2533 
2281 
14.63 
15.23 
14.57 
7.50 
4.33 
5.40 
a 
a 
18.88 
a 
a 
0.97 
26.15 
46.78 
20.27 
2.99 
9.28 
2 . 6 8  
a 
2737 
14.55 1.19 19.69 
14.20 3.20 a 
0 .88  21.33 
27.15 
3.18 
7.12 
2295 
a 
Air 
Mate- Test % flow 
rial No. TS rate 
L /min 
Main Guard 
Pressure heater heater 
psig W % 
Diges­ 95 0.59 15.0 6.0 1000 45 
ter 96 0.59 11.0 6.0 1000 45 
efflu­ 97 0.59 8.0 4.0 
1000 45 
ent #2 
98 0.59 5.0 3.0 1000 40 
diluted 99 0.59 2.0 1.0 1000 40 
1:3 
Raw 100 11.6 15.0 7.5 480 0 
manure 101 11.6 11.0 6.0 395 0 
//I 102 11.6 8.0 5.0 345 45 
dilut-
O 1*1 103 11.6 5.0 2.0 250 40 6Ci 1:1 
104 11.6 15.0 7.0 485 40 
105 11.6 7.0 3.0 350 35 
106 11.6 2.0 1.0 175 30 
107 11.6 0.0 0.0 100 20 
108 11.6 13.0 2.0 400 45 
Inner 
Mean temperatures and coefficients connective 
of variation heat 
transfer 
Ti C.V. C.V. X C.V. coefficient 
°C % °C % °C % h, W/m2 - "C 
13.25 
13.65 
13.38 
1.31 
1.27 
1.28 
16.99 
17.51 
17.98 
1.39 
1.24 
1.22 
18.35 
18.77 
19.22 
2.98 
2.51 
3.89 
3154 
3056 
2564 
13.43 0.71 18.41 1.58 20.20 2.36 2369 
13.05 0.99 a a 23.17 2.41 a 
11.80 1.55 26.54 4.61 31.98 2.49 384 
11.65 0.50 25.96 3.95 30.78 1.24 326 
11.48 1.31 29.19 5.68 35.32 2.64 230 
10.78 0.46 29.03 7.44 36.95 3.46 162 
11.10 1.64 27.51 2.25 32.00 2.76 349 
11.05 2.61 27.88 3.90 33.72 2.75 245 
10.77 2.67 a a 38.55 6.81 a 
10.40 2.98 a a 48.03 3.50 a 
11.40 1.60 24.93 1.32 29.62 3.10 34! 
Inner 
Air 
Mean temperatures and coefficients 
of variation 
convecl 
heal 
ive 
Mate­ Test % flow Main Guard transi" 
rial No. TS rate Pressure heater heater Ti C.V. Tb C.V. To C.V. coeffic 
L/min psig W % °C % °C % % h, W/m^ 
Raw 109 7.56 15.0 3.0 600 45 12.18 3.17 20.53 1.58 25.85 5.23 b 
manure 110 7.56 11.0 8.0 600 40 13.00 6.68 20.59 0.48 26.18 7.55 932 
//I 111 7.56 8.0 3.0 500 30 12.90 5.84 21.00 0.88 26.43 5.81 728 
dilut­
ed 1:2 112 7.56 5.0 3.0 500 30 11.90 2.47 22.55 1.97 31.28 6.47 554 
113 7.56 2.0 4.0 155 20 10.03 0.95 a a 18.78 11.08 f'l 
114 7.56 2.5 3.0 250 30 10.70 1.08 18.13 1.37 21.93 7.51 397 
Raw 
manure 
#1 
115 
116 
117 
5.41 
5.41 
5.41 
14.0 
11.0 
8.0 
2.0 
2.0 
2.0 
850 
850 
875 
45 
45 
45 
13.75 
13.83 
14.23 
0.94 
1.08 
2.71 
20.44 
21.44 
22.65 
1.65 
0.96 
1.55 
24.75 
26.70 
28.12 
2.81 
4.24 
5.06 
149V 
1317 
1226 
dilut­
ed 1:3 118 
119 
5.41 
5.41 
5.0 
2.0 
2.0 
1.0 
875 
750 
40 
30 
14.68 
12.95 
1.79 
3.59 
24.15 
a 
1.92 
a 
31.10 
37.62 
5.84 
6.10 
1090 
a 
^Temperatures had not reached steady-state conditions and the values are meaningless. 
Air 
Mate- Test % flow 
rial No. TS rate 
L/min 
Main Guard 
Pressure heater heater 
psig W % 
Raw 
manure 
//I 
120 
121 
122 
3.89 
3.89 
3.89 
15.0 
11.0 
8.0 
3.0 
2.0 
2.5 
1000 
975 
1000 
45 
45 
40 
dilut­
ed 1:4 123 
124 
3.89 
3.89 
5.0 
2.0 
2.0 
1.0 
800 
800 
35 
35 
Raw 
manure 
#1 
125 
126 
127 
2.86 
2.86 
2.86 
15.0 
11.0 
7.0 
2.0 
2.0 
2.0 
1000 
1000 
1000 
45 
45 
45 
dilut­
ed 1:5 128 
129 
2.86 
2.86 
5.0 
2.0 
1.0 
1.0 
875 
850 
45 
45 
Raw 
manure 
n 
130 
131 
132 
6.82 
6.82 
6.82 
15.0 
11.0 
8.0 
4.0 
4.0 
4.0 
1000 
1025 
750 
44 
44 
35 
dilut­
ed 1:3 133 
134 
6.82 
6.82 
5.0 
2.0 
2.0 
1.0 
625 
300 
30 
20 
Inner 
Mean temperatures and coefficients convective 
of variation heat 
transfer 
C.V. C.V. TQ C.V. coefficient 
°C % "C % °C % h, W/m2 - "C 
14.70 0.79 20.08 1.27 22.50 1.78 2192 
14.83 2.72 21.01 2.06 24.18 0.96 1861 
14.55 0.89 21.60 1.53 25.50 1.16 1673 
13.75 1.26 20.65 1.62 24.57 1.72 1368 
14.03 2.21 a a 30.93 1.61 a 
14.25 1.46 19.00 0.74 20.90 2.81 2483 
14.45 0.89 19.41 1.15 21.47 2.49 2378 
14.28 1.55 20.14 1.06 22.93 2.46 2013 
14.23 1.20 a a 22.73 2.51 a 
14.10 0.82 a a 29.05 4.38 a 
14.90 5.11 25.64 1.12 32.37 3.52 1098 
15.35 3.59 28.29 1.34 36.18 2.25 934 
13.35 4.34 24.94 0.83 31.63 3.87 763 
13.15 1.42 25.10 3.89 33.00 4.04 617 
11.42 1.02 a a 29.68 3.62 a 
Mate­
rial 
Test 
No. 
Air 
% flow 
TS rate 
L/min 
Pressu re  
p s ig  
Main 
hea te r  
W 
Guard 
heater 
% 
Mean temperatures and coefficients 
of variation 
Ti 
"C 
C.V.  
% 
Tb 
°C  
C .V.  
% 
To 
°C 
C.V. 
% 
Inner 
convective 
heat 
transfer 
coefficient 
h, W/m2 -°C 
Diges­ 135 2.64 15.0 3.0 1000 45 14.52 1.47 20.45 1.36 22.98 1.71 1989 
ter 136 2.64 11.0 3.0 1000 45 14.80 1.46 21.03 0.75 24.02 1.73 1893 
efflu­ 137 2.64 
8.0 2.0 1000 45 14.78 1.93 21.93 0.76 25.33 3.33 1650 
ent #3 
138 2.64 5.0 1.0 1000 40 14.93 3.06 23.44 0.82 27.90 1.59 1386 
139 2.64 2.0 1.0 750 30 14.23 3.64 a a 30.37 5.39 a 
Raw 140 7.42 >15.0 5.0 875 44 13.65 2.35 21.30 2.04 26.23 3.43 1349 
manure 141 7.42 15.0 5.0 850 40 14.33 2.18 22.00 1.93 26.27 1.83 1307 
//3 142 7.42 11.0 4.0 750 30 13.58 2.22 20.86 1.85 26.03 3.19 1215 
dilut­
143 7.42 8.0 3.0 500 20 12.56 3.29 18.41 1.91 22.68 2.84 1008 
ed 
1 • 144 7.42 5.0 2.0 450 15 12.30 3.31 18.86 2.57 23.50 2.66 809  :J 
145 4.72 2.0 1.0 300 20 11.43 4.04 a a 24.15 3.52 a 
146 0.00 15.0 2.0 1000 45 14.24 3.89 16.71 1.13 18.02 3.21 4775 
^There was some question on the total solids analysis and tests 140-145 were not included in 
the statistical analysis. 
